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ABSTRACT
X-Ray photoelectron spectroscopy (XPS or ESCA) is 
enhanced, as a surface analytical technique, by excitation 
with higher energy x-rays. Three characteristic x-rays, Si KCt 
(1739*4eV), Zr L0( (2042»4eV) and monochromatized Ag La 
(2984*3eV) together with Bremsstrahlung were developed. Si Ka 
x-rays generate new XPS peaks from aluminium and bromine and 
although slightly broader than conventional XPS sources, 
benefits from weaker satellite peaks. Sensitivity factors of 
110 subshells from 45 elements were measured and compared with 
theoretical photoionization cross sections, providing a close 
fit.
Zr .LOt x-rays are a valuable source for studying Al-Si 
compounds, with the generation of strong A1 and Si, Is and 
KLL Auger peaks. The resultant A1 and Si Auger parameters were 
studied for 30 silicates and comparison with refractive index 
data allowed the Auger parameters to be directly related to 
the polarization energy of the 0 ions surrounding A1 and Si 
sites. The 0 polarizability dominates bulk polarizability in 
silicates and is highly variable around tetrahedral Si and A1 
sites, but almost invariant around octahedral A1. Consequently 
the surface coordination state of A1 can be determined 
accurately. The Si KLV/KLL Auger intensity ratio measured the 
filling of the Si valence band during the Auger process and 
varied proportionally with the extra-atomic relaxation energy, 
as measured by the Si Auger parameter.
Bremsstrahlung induced Auger peaks have been combined with 
photoelectron peaks in conventional XPS, to form an Auger 
parameter. These Si and A1 Auger parameters from compounds and 
silicates were found equivalent to those obtained in Zr La XPS.
Ag La x-rays were monochromatized by fitting an Ag anode 
to a conventional A1 Ka monochromator. New XPS lines were 
generated, especially the Is and KLL Auger series from A1 to Cl
and benefitted from a reduced linewidth. Pretreated glass 
fibres were analysed and surface chemical state information 
extracted.
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CHAPTER 1 PREFACE AND OVERVIEW
1.1 Introduction
The rapid development of surface analysis by
techniques such as x-ray photoelectron spectroscopy (XPS or
ESCA), Auger electron spectroscopy (AES) and secondary ion
mass spectrometry (SIMS) has resulted in these methods
becoming commonplace in both industrial and academic laboratories.
Of these techniques ESCA or XPS found universal popularity in
the years following the publication of Prof. Siegbahn*s first
(1 )treatise m  1967. ' Since then XPS has become a well
established technique and was recognised in the award of a 
Nobel Prize in physics in 1981 to Prof. Siegbahn.
Developments in XPS, however, still continue throughout 
the world and at the 1982 Pittsburgh Conference Prof. Siegbahn 
identified three areas for the future growth of XPS
1. Liquid state XPS
2. X-ray photoelectron diffraction (XPD)
3. High energy XPS (HEX)
In all these cases the fundamental process of photoionisation :
M + hv ---- ► M+ + e Equation 1.1
is used to gain chemical and structural state information 
from the top few atomic layers of the sample by means of 
accurate determination of the positions, intensities and 
features of peaks in the photoelectron spectrum. Peak 
position measurements are obtained from the photoelectric
U)equationv ' :
EBj = hV “ EKj “ +SP Equation 1.2
*t hwhere Eg . is the binding energy of an electron from the j 
shell of an atom M, which is ejected with a measured 
kinetic energy E^ ., by a photon of energy hv in a 
spectrometer with a work function (See fig. 1.1)
The range of core levels j accessible to the photoelectric 
process is solely determined by the energy of the photon hv.
The development of XPS with higher energy photons, identified 
by Prof. Siegbahn as an area of future growth, is the subject 
of this work.
measured
spectrometer
Vacuum
Level
Fermx sample
ONDUCTIO
BAND
Fermi
Fermi Level
1 ENERGY LEVEL
DIAGRAM FOR XPS^1  ^
PROCESS FROM A 
CONDUCTING SAMPLE
The virtual standardisation of XPS to the Mg(1253•6eV) and
Al(1486*6eV) x-ray sources was predicted by Siegbahn^^ because of
their advantages of ease of construction, narrow linewidth,
satisfactory x-ray intensity and accessability of core lines from
all elements. Improvements in the linewidth of the incident x-ray
can be made by monochromatisation, but at the expense of intensity.
Similarly the sensitivities of some elements such as A1, Si and
Br, in XPS can be improved by using a higher energy photon source.
Four higher energy x-ray sources were studied in order to
understand their characteristics and suitability for use in XPS.
(2 )Firstly Si KaXPSv ’(1739•4eV) was fully characterised (Chapter 2)
especially with regard to its extra sensitivity to A1. Secondly
Zr La x-rays(2042*4eV) were found to be an excellent source for 
(3 4^the XPS of Siv ’ ;(Chapter 4). The "Bremsstrahlung" emitted from
x-ray sources, although polychromatic, was found to generate
Auger peaks of great value for Auger parameter measurement(^ ^ ^ ^
(Chapter 5). Finally, monochromatised Ag La was investigated as
(8)a source for 'universal’ high energy XPS' ‘'(Chapter 6).
1.2 Higher Energy XPS
Higher energy x-rays excite deeper core level lines which shed 
new light on the chemical and elemental composition of the surface.. 
Chemical and depth information can be collected from the extra 
Auger lines that are also excited, making the ability to 
generate new core lines even more attractive.. With 
conventional A1 or Mg XPS only about half the elements in the
Periodic table will eject strong Auger lines (10) and it has
now become important to choose x-rays that will be capable 
of generating intense Auger lines from more elements and yet 
still produce high resolution XPS data.
Table 1.1 lists the most commonly studied higher energy 
XPS x-rays, their photon energies, linewidths (fig. 1.1) and 
the elements for which they are most usefully emplo3'ed.
Table 1.2 lists the physical properties of the elements used 
for the higher energy x-ray source anodes. Comparison of the 
x-rays listed in Table 1.1 shows that for different 
applications each has its merits; these will be discussed 
below.
Table 1.1 HIGHER ENERGY XPS SOURCE CHARACTERISTICS
X-RAY PHOTON ( •) 
ENERGYv '
L I N E - ... 
WIDTH^ ^
ELEMENTS SHOWING NEW 
CORE LEVEL & AUGER LINES
REFS
Si Ka 1739*4 1*0 Al,Br,Tm,Yb,Lu,Hf. 2,9
Zr Ka 2042*4 1 • 6 A1, Si , Br, Rb , Sr, Tm -* Hf, Ta, 
W,Re,Os.
3,4
Au Ma 2122*9 2*15 Al,Si,Br ->Y,Tm ->0s,Ir. 11
Mo La 2293*2 1*9 Al,Si,P,Br -4Zr,Tm -»Ir,Pt. 12
Ag La 2984* 2 2*6 A1, Si , P , S , Cl, Br -»Ru, 
Tm -»Pt, A u , Hg , Pb, Bi.
8,12
Ti Ka 4510*9 2*0 A1 -»Cl,K,Ca,Br -»Te, 
Tm ->Bi.
13,32
Cr Ka 5417 2*1 A1 -»Ca,Ti ,Br ->Ba,Tm -*Bi . 13
Cu Ka 8055 2*5 A1 -»Ti , V,Cr ,Mn, Fe ,Co 13
a) Silicon Ka XPS
This was developed to solve the surface analysis
problem of investigating A1 in the presence of Cu as these
(9 )suffer from core level peak overlap m  conventional XPS . ' 
As a bonus to the Al(ls) now excited, equally strong 
KLL Auger peaks were observed, providing extra chemical 
information. Si Ka x-rays were later established as 
a general source for x-ray photoelectron spectroscopy by
the compilation of peak sensitivity factors for 110 subshells
(2 )from 45 key elements.v 1 The thermal propertxes of Si allow 
reasonable x-ray powers to be developed, and this source is 
useful for studying both A1 and Br.
b ) Zirconium La XPS
By using Zr La x-rays, the Is and KLL and KLM Auger peaks
(3 4)of Si can be studied.v ’ J This source has useful applications 
in geology, catalysis and the semiconductor industry. The 
manufacture of a Zr x-ray source is easy, and during operation
a metal surface is always present on the anode due to the
. . . • (4)high oxide solubility m  the bulk at elevated temperatures. '
The natural linewidth of 1•6eV limits the ultimate resolution
attainable, and monochromatisation by a conventional a-quartz
crystal can be achieved but is not efficient.
c) Gold M q XPS
The spectral resolution obtained from Au Ma x-rays is 
poorer than that obtained with Zr x-rays, however the slightly
higher photon energy does allow a few deeper L, M, N, and 0
( 1 1 ) . . . shell orbitals to be excited.v ' The x-ray intensities
generated will be of the same order and with the same
photoemission efficiency as those from Zr La and so peak
intensities will be similar. Anode contamination may be more
of a problem but this will depend on the vacuum quality in
the x-ray source.
d) Molybdenum, Rhodium, Silver La XPS
The La x-ray series becomes more useful for XPS from Zr
through to Ag since deeper and deeper core levels can be probed
( 1 2 )especially from the K shells of the second row elements.v '
These are important for elements up to chlorine because the
alternative L and M shells are still only weakly excited and
so no strong Auger peaks are present without the K shell
being excited. The K or Is shell is still narrow enough up to
Cl for accurate binding energy measurements to be made but
beyond this the level becomes too broad. Intense Auger lines
can be excited from nearly all the elements in the Periodic
Table using Ag La x-rays. The most important Auger peaks that
(11)
are excited by this x-ray are' ' the KLL series of A1 , Si, P,
S and Cl, the LMM series of Br, Kr, Rb, Sr, Y, Zr, N b , Mo, and
Ru, and the MNN series of Hf through to Bi. As well as the
extra core level and Auger peaks that are excited, the lightly 
bound shells such as the Is level from the first row elements are 
still adequately excited for surface quantitative analysis. It 
appears that Ag enjoys the best of both worlds in terms of high 
energy and conventional XPS. The x-ray source is easy to make, 
and from table it is seen that Ag has the best thermal
conductivity of all, allowing higher than normal anode power 
loadings and so a higher x-ray flux at the sample.
Until now, the Ag La source has not been fully acceptable 
for XPS because its broad width made only the Auger lines 
suitable for accurate peak position measurement. It has been 
possible to develop a monochromatised Ag La x-ray source which 
is used in the study in Chapter 6. The x-ray linewidth has been 
reduced from 2*6eV to about l*leV making the source suitable 
for high resolution XPS and Auger electron spectroscopy.
e ) Titanium, Chromium, Copper Kg XPS
On going to even higher x-ray energies for XPS there are 
significant changes occurring in the interactions between the 
incident photons and the sample atoms. These factors must be 
considered when persuing XPS with photon energies above 3kV.(®) 
Fig. 1.2 COMPARISON OF X-RAY LINEWIDTH WITH PHOTON ENERGY 
FOR XPS SOURCES.
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Chemical state analysis in Ti K<x XPS cannot be satisfactorily 
made from the core level peaks for this reason, only the x-ray 
induced Auger lines are worthy of study. The KLL Auger series 
are extended to Sc for Ti Ka, to Ti for Cr Ka and to Co for 
Cu Ka x-rays however strong LMM Auger series are excited from 
the elements from Sc to Co in conventional XPS anyway and so 
the extra value of these lines is debatable. New x-ray lines 
are also excited further down the Periodic Table but in each 
case stronger lines from the other Auger series can be excited 
with an x-ray between 1 and 3kV
Higher energy x-rays will not be as strongly excited, for 
the same primary beam energy, as lower energy x-rays. The 
x-ray intensity is at an optimum when the bombarding electron
energy is given by (1 3 ) .
8Ex Equn. 1.3
where E is the binding energy of the deepest core level 
involved in the x-ray production.
Even when the primary beam energy is set to equation 1.3 
there is a drop in x-ray production with atomic number (fig.1.3) 
and this makes the higher Ka x-rays less attractive for XPS. 
There is also the need for x-ray power supplies up to 40kV 
for Ti Ka and 70kV for Cr and Cu Ka lines; and if these 
excitation energies are used there will be correspondingly 
high levels of damaging Bremsstrahlung.
Fig. 1.3 Relative number of Ka-photons per incident electron
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The intensities of photoelectron and Auger peaks in the 
spectrum will depend on the individual cross sections 
associated with each subshell for the particular x-ray
energy incident on the sample. The largest cross sections occur 
for those shells which have binding energies close to, but less 
than the photon energy. So for incident Ti Ka x-rays strong 
Is peaks would be excited from K, Ca and Sc. Likewise Cr Ka 
x-rays would generate strong Is peaks from Ca, Sc and T i , and 
from Cu Ka x-rays the Is peaks from Mn and Co. For each of 
these elements other subshells can be strongly excited by 
using conventional XPS.
Analyser transmission functions, T, for a wide range of 
commercial instruments should generally follow the rule^'^ 
at high kinetic energies
T = K E ”1 Equn. 1.4
Consequently, electrons from low energy subshells, such as
from the light elements, will have very high kinetic energies
in Ti, Cr and Cu Ka x-rays and so will suffer higher
transmission losses than those from the same orbitals
obtained by using softer x-rays.
For all the subshells of all the light elements up to A 1 ,
the photoelectron cross sections under high energy x-rays are
all very small, making accurate surface analysis very
(11)difficult. Wagner has calculated' ' the expected relative 
peak intensities of some important subshells (table 1.2, using 
equation 1.4) under various x-rays, and shown that for none 
of these are the peak intensities greater in Ti Ka than in 
either Ag La> Au Ma or A1 Ka.
Table 1.2. Relative Core Level XPS Peak Intensities using
Different X-ray Excitations.
X-ray hv(eV) Core Level Intensities
C( Is) S ( 2p) Mg(Is) Se(2p ) Ft (3d ) Cl (Is)
A1 148 6•6 13 22 150 395 - -
Au 2123 8 12 93 250 100 -
Ag 2984 2 2 20 52 154 31
Ti 4511 1 1 12 26 67 20
Both Cr and Cu anodes can be run at high power loadings 
to generate their Ka lines, however table 1.2 shows that Ti 
has a poor thermal conductivity and relatively low melting 
point which impose limitations on the maximum power load that 
can be applied to the Ti anode.
f) Summary
1. The upper energy limit of useful XPS is generally agreed 
to be 3kV(11)
2. All higher energy x-ray sources have broader 
characteristic linewidths than the conventional A1 or 
Mg x-rays.
3. All existing photoelectron peak 'sensitivity factors’ 
fall when going to HEX. Some become unuseable for xPS 
above 3kV.
4. Some x-ray sources may not behave as well as the 
conventional A1 or Mg sources.
5. A series of HEX sources are suggested to cover each 
section of the binding energy range :-
X-ray Strongest B.E. Range (eV)
Mg Ka 0 - 1200
Si Ka 0 - 1700
Zr La 1200 - 2000
Ag La 1200 - 2900
1.3 Energy Determination in XPS
1.3.1 Inner Shell Binding Energies
The photoionisation process is expressed by the 
interaction ■: -
M + hv -------- ► M* 4- e
r J
where an electron is ejected from the jth subshell of atom 
M. Experimental peak positions are used to determine the 
binding energies E . (Equ. 1.2). Theoretical determinations 
of atomic level -binding energies have progressed rapidly 
over the last two decades from the self consistent field 
(SCF) approach by Hartreel1^  Even now, no ’ab initio' 
theoretical treatment has satisfactorily incorporated 
electron correlation into the calculations, especially 
for highly excited XPS states.
The binding energy E^ of an electronic hole state (j) 
is expressed in Koopman' s theorum^^^ as:-
EKo o (J) = “ ej Equn. 1.5
value obtained for the one electron 
Schrodinger equation for orbital j of an N electron atom,
where cji-s the eigen
This expression is inaccurate because the theory assumes the
frozen orbital approximation that the wave functions of the
other N-l electrons remains unchanged.
A more accurate determination of binding energy can be
obtained from the difference between the total energy of the
ion and that of the atom:-
. = E. (N-l) - E , (N) Equn. 1.6Bj ionv ' atom' ' ^
The difference between E,_, . and ETir (j) can be describedBj Koov J 1
as a polarization potential associated with the relaxation 
of the other orbitals when the atomic field changes to an 
ionic field.
E . = -e. - Ra( j) Equn. 1.7EJ j ^
Nearly all the contributions to the relaxation energy R (j)
comes from outer atomic shells which are most strongly
affected by the chemical environment of the atom.
a
The value of the relaxation energy R (j) could be
calculated directly by various methods including the
(183equivalent cores approximation used by Shirley; ' For 
solid samples Shirley also demonstrated the existence of 
an extra atomic relaxation energy R^ . associated with 
chemical environment, and an electron correlation change
C02T2T • •E. associated with ionization, so:-
 ^ i^ a, . N _,ia . nea „corr „ . 0R ( j ) = R .  + R . - E. Equn. 1.8
3 J 3) i ^
Relaxation effects, both intra atomic (R ) and extra 
02
atomic (R ), are caused by the contraction of electrons 
from outer shells and surrounding atoms towards the core 
hole influencing the energy of the photoelectron.
Combining equns. 1.7 and 1.8
^ ^ia „ea , „corr . ~E„- = - e . - R . - R .  + E. Equn. 1.9
BJ 3 3 D 3
For solid samples the extra atomic relaxation energy
R . is due to the screening of core hole j by electrons
from the surrounding medium. The surrounding structural
lattice will not relax in the time of the photoemission 
-17process (-10 sec). In different chemical environments
all the terms in equn. 1.9 may change, leading to a
chemical shift:
A E d - = -Ae. - ARia - A R ea + A 2ECOrr Equn.1.10 
BJ J J J J
1Both and R^ are linearly dependent on the remaining
CO 2T3T *valence bond electrons q, and E is unlikely to change, so
that this expression reduces to:-
A E Bj = kAq - ARj Equn.1.11
This ground state potential model description is just one
method of determining the level of extra atomic relaxation
( 1 9  \
energy. Hoogewijs et alv ’ used the Friedel model to 
determine the extra atomic relaxation energy for metals, 
where it is assumed that during the relaxation process a 
conduction band electron is captured into an empty level 
which, due to the core hole has dropped below the Fermi 
level. This model is based on the "equivalent core” scheme 
which states that the outer orbitals of atom Z with an 
inner core hole are equivalent to those of atom Z+l with 
a complete inner shell.
1.3.2 Auger Peak Energy Shifts
The Auger process jkl, yields electrons with well
defined kinetic energies which are dependent on the
binding energies of the individual levels j,k and 1. The
Auger peaks observed in XPS spectra have now become popular
in chemical analysis because their peak energies contain
relaxation terms that are complementary to those of the
photoelectron peaks in the same spectra.
After the formation of the core hole by photoionization
(equn. 1.1), the Auger process jkl may be expressed by:
M+ ------- > M** + e” -i i Equn. 1.123 kl jkl 1
Kowalczyk et al^2^  have described the Auger process in
three stages:-
■J- —
Initial ionization M -- »M . + e :E„ . Equn.1.13
J B j
M --+ e ?ERk Equn. 1.14
Final State Creation! + _ +
M,--, + e :E01 1 Equn. 1.15k kl Bkl ^
The kinetic energy of the Auger electron, E , , can be
determined directly from core level binding energies:-
E , = E . - E , - E^ , , Equn. 1.16jkl Bj Bk Bkl ^
where 1-shell photoionization containing a k-
level core hole. This term cannot be assessed directly from
the binding energies of un-ionized atom M but was initially
determined by the 'equivalent core' approximation and later
by semi-empirical methods.
1.3.3 Equivalent Core Approximation of Auger Energies
This once joopular method of energy calculation uses 
binding energy data from the next element in the periodic 
table to compensate for the (kl) hole hole interaction. The 
final state creation process (Equn. 1.15) from element Z is 
expressed as the ionisation of element Z+l thus:-
Ejkl = EBj(Z ) ~ EBk(Z ) " EBl(z+1) Equn.1.17
The core hole will not modify the subshell energies by a 
whole positive nuclear charge unit and it is more accurate 
to state:-
Ejkl = EBj(Z ) " EBk^z) “ EB 1 (z + A z ) Equn.1.18
(21')Bergstrom and Hill' 1 rearranged this to:-
Ejkl=EBj ^ Z ^ “EBK^ Z ^ ”EB1(z )" A z c eB1( Z+1)“EB1^Z
Equn.1.19
This model distinguishes between the quantum mechanically
indistinguishable cases jkl and jlk, and to satisfy this
(22)requirement Chung and Jenkins' ' suggested for all outer 
transitions:
Ejki=EBj(z )-Az CEBk(z)+EBk(z+l))-Az CEB1(z)+EB1(z+l)J
Equn.1.20
This however gave relatively poor agreement with experiment,
(23)especially for the KLL series. Castle and Eplerv ' improved 
the approximation by taking into account the polarization of 
the valence band electrons with the final state vacancy.
This was achieved by applying the equivalent core shift to 
the k and not the 1 subshell, with only a small ’ionisation’ 
shift applied to the 1 level:
Ejkl < z"+ ) =EB j < zn+) "EBk( Z"+ ) -EB1 ( z"+ ) -P( Z ) tEBk( z+l (n+1 Z n + )]
-P( I) t EB1 (Z (n+1 })+-eb1 (Zn+ )J 
Equn.1.21
This was simplified to:-
E jk f  z"+ ) =EB j ( z"+ ) _EBk( Z+1 ( n+1 ^ “^ B l ( z"+ ) +EB1( Z° ) Equn •1 • 22
3+Comparison of the KLL Auger energies from unpolanzed A1
4+ . .and Si ions using this equation, are made with independent
experimental values in chapter 4.
Despite the demise of the pure equivalent core model for
the calculation of Auger energies it has been incorporated
(18 }into more elaborate models. Shirley'1 ' used the model for
calculating the relaxation term in core binding energies
( 2 4)(equn. 1.9) while Kowalczyk et al.v ' determined the extra
0 3latomic relaxation energy, R in the Auger energies by the
same model. The 'Equivalent Core' approximation has now been
combined with thermodynamic data and experimental adsorption
(25)energies to form a Born-Haber cyclei ’
1.3.4 Semi Empirical Calculation of Auger Energies.
The most common method of determining Auger energies
also uses one electron binding energies in single step
ionizations with extra terms for the two hole (kl)
interaction energy and static and dynamic relaxation terms
E 1 =E --E..,. -E , - F(kl;f )+Rft+R?f Equn.1.23jkl Bj Bk B1 v ' kl kl .
where F(kl;f) is the coupling energy of the two holes in the
final state.
13.R is the atomic static relaxation energy.JK1
03 .R ^  is the extra atomic relaxation energy.
The definition of an Auger parameter, £ was made by Lang and 
Williams^^ to be:-
\ = F (kl;f ) - R ^  “R^i Equn.1.24
This quantity, the energy difference of an 1 electron 
ejection with and without a k hole, is useful for comparison 
with theoretical models, but contains both intra and inter­
atomic terms making comparison with other experimental data
0 3difficult. The extra atomic relaxation term (R ^) is the 
only one sensitive to the atom's chemical environment.
The extra atomic relaxation is due to the flow of 
electrons towards the central atom during k hole formation
making the environment of 1 hole formation more negative
+ eaand lowering the binding energy of * The value of R ^
will be largest for metals since conduction band electrons
can screen the k hole locally by being drawn down from the
conduction band near the atom. If an electron charge e has
been ejected from the k shell of a metal, a screening charge
0 3e moves in, reducing the 1 shell binding energy by R ^  
which can be expressed classically as:
where r is the effective screening radius.
(20)For metal samples generally, Kowalczyk et al.v ' 
defined the total extra atomic relaxation energy as:-
R®^(total)=F(l)k + H |F(1)+F(k)-F( j )] Equn.1.26
where F(i)^. is the extra atomic relaxation of the i^ *1 level due 
to the k level core hole 
and F(i) is the amount the i^h level binding energy is
lowered in the metal by dynamic extra atomic relaxation 
of the conduction band.
Generally Rj^ j (total) is 1*5F(1)^
1.4 Extra Atomic Relaxation Energy & the Auger Parameter
1.4.1 Introduction
The creation of additional positive charge in an
atom in a solid medium causes a polarization of the electronic
charge from the surrounding atoms towards the positive hole.
The resultant relaxation energy is supplied mostly to the
emitted electron while the atomic nuclei are frozen in their
relative positions. As a result the extra atomic relaxation
energy R^ is added to the intra atomic term to give the
total relaxation energy:
R^ = R:L.a' + R^a for a photoemission Equn. 1.27
3 3 3 ^
T i 5l 0R = R + R 1 for Auger emission Equn.1.28
Kl Kl Kl
0 0^ 0 0^
The values of R^ and R ^  depend on;
a) the size of the central positive charge formed during 
the process
b) the number of screening charges available from valence 
or conduction bands that can neutralise the positive 
charge.
1.4.2 Polarization Energy
The polarization of electron clouds surrounding a
( 27)central core hole or holes was found, by Wagner and Biloen; ’
to be the main factor in the difference in chemical shifts
between photoemission and Auger processes from the same 
material. Using the classical electrostatic theory of Mott
( 28 )and Gurney' ' for the polarization energy of an ion in a 
dielectric solid:-
Ep = M<32/R)(l - O / K q )) Equn.1.29
where q is the hole charge (= e for XPS, 2e for AES)
R is the effective hole
K the dielectric constant, o
It was concluded from this that (approximately)
Rkl = 4Rja Equn.1.30
If the two step model is used to describe the Auger
final state then an extra term must be added to the individual
f 19)
static relaxation energies. Hoogewijs et al.v ' defined:
Rea( kl) = Rea(k) +R0a( 1) -»*R0a( kl) Equn. 1.31
For Mg they found:
Rea(kl) ~ 4Rea(k) ~ 4Rea(l) , Equn. 1.32
eaAccurate experimental values o f .R (kl) are not available
unlike the accurately known Rea(k) and R0a(l), however
raitios of the individual static relaxation energy to the 
dynamic value for some metals have been found.
Al : R0a(LL) =: 3*75Rea(L) Equn. 1.33
Zn : Rea(MM) = 3*61R0a(M) Equn.1.34
1.4.3 Auger Parameter
Reliable determination of extra atomic relaxation from 
single Auger or photoelectron peaks alone cannot be 
guaranteed because of the uncertainties associated with the 
value of the reference energy level due to changes in sample 
charging and work function. Comparison of Auger chemical 
shifts and photoelectron chemical shifts eliminate these 
problems, and give a quantity directly proportional to the 
extra atomic relaxation energy experienced by the atom under 
study in its chemical environment.
Rewriting equn. 1.23 as the difference in Auger 
electron energy-between chemical states
AEjkl=AEBj“AEBk“AEBl"AF(klJ f)+ARkl+ARkl Equn.1.35
Core level energy changes from different subshells have been
found to be equal within experimental error as found by
(20 )Kowalczyk et al. for Na in NaF, Na^O, Nal and Nav '.
Similarly the combination of terms -AF(kl; f) +AR,’1?" is an atomic
.K J.
property independent of the chemical environment experienced 
by the atom, so
AE . = AE. = AEBj Bk B1 Equn,1.36
and
-AfT/'Vl .AF(kl; f)ni-AR^ a = 0 Equn. 1.37
Simplifying 1.35;-
AE-kl ="AEBi + AR0a Equn.1.38
Photoelectron chemical shifts were found to be described
(equn. 1.11 ) by;-
AEd . = kAq - AR. Equn. 1.39tsx x
Substituting this into equn.1.38 we get;
AE .. , = -kAq + AR0a + AR.0a _ ,jkl ^ x kl Equn.1.40
Comparison of the Auger energy change with the photoelectron
energy change gives;-
AEjkl “ AEi = AEjkl + AEBi Equn.1.41
=-kAq+AR0a+ARka+kAq-AR0a Equn.1.42
Reducing to AE., -AE. = AR where i=j=k=l. Equn. 1.43j Kl x kl
Kowalczyk et a l . ^ ^  compared these differential shifts with
eatheoretxcal values of R. . from NaF to Na and ZnF to ZnK. JL 2
giving acceptable values of 8*7eV and 5«2eV respectively.
The chemical information associated with the difference
in Auger and photoelectron shifts has been fully developed
(29)by Wagner in the form of his Auger parameter. ' Wagner 
described the Auger energy difference as :-
AE.. , = Ac- - 2Ae + ARea - AR0a Equn. 1.44. jkl j k kl j ^
p
AE^.kl = - A cr  + 3AR j Equn. 1.45
The Auger parameter was defined originally by Wagner as;
a= E^kl - ER Equn.1.46
= EK. . + E3 - hv Equn. 1.47jkl x ^
Later it was modified by Gaarestroom and W i n o g r a d ^ t o
make a independent of hv and always positive:-
a* = a + hv = Ejkl + EE Equn.1.48
This has not been relevant to the derivation of the Auger 
parameter as Wagner combined equns. 1.45 and 1.7 to give 
the following equations.
A a = A E ^ kl - AER Equn.1.49
p ^  p r\
= -Ae + 3AR . + Ae. - AR Equn. 1.50k j 1  i ^
Since Ae^Ae^ and i=j=k=l Equn. 1.51
Then :
PA
A a ~ 2  A Rj Equn. 1.52
A similar conclusion was reached by Kowalczyk et al.^2^  i.e.
that the chemical shifts in the Auger parameter were solely
due to extra atomic relaxation. They related their shift to 
0  ^
the R of the two hole final state:-
A E , ,  - AE. = AR?? -jkl i kl Equn.1.53-
This result is not totally compatible with Wagner’s, as
classical theory predicts that:
ARkl = 4ARja Equn.1.54
Kowalczyk et al. ^ compared the results of experimental
Na and Zn data in equn. 1.53 with semi-empirical equations
and optical data and obtained close correlations. Fiermans 
(31)et al.' ' repeated Kowalczyk's measurements for Zn compounds
and found the same close correlation with theory. They also
found that for zinc chalconides the extra atomic relaxation
energy decreases as a function of compound ionicity and
decreases with halide electronegativity in zinc halides.
Despite these achievements, caution must be exercised when
equns. 1.43 or 1.52 are applied to data from some systems
as the atomic terms so far neglected are not always negligible. 
(34)Carlsonv ' has also commented on the assumption that chemical
shifts in photoelectron spectra are independent of the
location of the core vacancy.
Many workers have used Auger parameter measurements to
determine the extra atomic relaxation energy, amount of
charge screening and hence chemical environment of a range
of materials; these have then been related to other associated
physical properties. The possibility of chemical state
determination from Auger parameter measurements has similarly
(33)
been developed by Wagnerv ' as a method of analytical 
fingerprinting. In these plots the chemical state of an 
element in any of its compounds is defined by a unique point 
on the triple axis, two dimensional graph (Fig. 1.4).
Fig. 1.4 WAGNER'S CHEMICAL. STATE PLOT
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Equn.1.55
i.e.
A ek = A e k = -Ae bjkl l i
AEB - A E B - A E B + A R ^  = -AEB _j k 1 kl l Equn. 1.56
If i=k or i=l and AEB - A e^ = Ahv( jk)
0 SlThen: Ahv(jk) + AR = 0 Equn. 1.57
JK. JL
Only if the difference in the energy of photons emitted by 
electrons undergoing the jk transition in different chemical
03.states, Ahv(jk), is zero will A R ^  be zero along this axis.
It is known from high resolution x-ray emission 
spectroscopy that x-ray energies do shift with chemical
state (35) and so Ahv(jk) will not be zero and so lines
parallel to a will not describe a constant extra atomic 
relaxation energy.
Further uncertainties with "chemical state plots" 
associated with sample charge referencing are observed in 
Chapter 5.
1.5 Study Objectives
The aims of this study were influenced by the restriction of 
conventional XPS to excitation by only Al and Mg Ka x-rays. It 
was expected that useful information could often be gained by 
using higher energy x-ray sources. For each source studied the basic 
aims were to determine the factors important for XPS. These included 
X-Ray Characterization
F’hoton energy; natural linewidth; interfering satellite lines. 
Source Fabrication
Anode and window fabrication; power dissipation; geometrical 
requirements.
New Information
Extra photoelectron and Auger lines accessible; relative 
positions and intensities; Auger parameters and sensitivity 
factors.
Each source was to be studied along different lines depending 
on its expected use and previous exploitation, if any, in XPS. The 
specific areas of study to be investigated for each source were :
Si Ka X-Rays (Chapter 2)
Elemental subshell sensitivity factors and cross sections; 
electron inelastic mean free paths; spectrometer transmission 
functions and their effects on peak intensities.
Zr LOC X-Rays (Chapters 3,4)
Si and Al: Is subshell, KLL and KLV Auger peaks and Auger 
parameters; correlation of Auger parameters especially with 
sample physical properties; determination of Auger parameter 
minima and relation to KLV/KLL intensity ratio.
Bremsstrahlunq (Chapter 5)
Induced Auger peak effects in conventional XPS; benefits of 
these peaks , especially in Auger parameter determination ; 
comparison of Auger parameters using Is and 2p core levels. 
Monochromatized Aq L(X X-Rays (Chapter 6)
Measurement of Al Is to Cl Is peaks with reduced linewidths; 
study of multi-chemical states of Si on coated surfaces by 
high resolution Auger parameter analysis.
The study of Si and Al in different surface states provides 
a source of continuity throughout this work. Conventional XPS 
seems least suited to the analysis of these elements and so 
new information should be gained from this study.
CHAPTER 2 X-RAY PHOTQELECTRON SPECTROSCOPY WITH Si Ka X-RAYS
2.1 Introduction
Si K a  x-rays, with a photon energy of 1739*4eV, make 
deeper atomic core levels accessible to XPS than are available 
when using the conventional Mg Ka or Al Ka x-rays. The Is 
shell is extended to Al (1560eV), the 2p subshell to Br (1675eV), 
the 3p to Dy (1676eV) and the 3d to Hf (1662eV).. The principal 
surface applications expected for Si K a  XPS would be the 
investigation of the chemical states of Al and Br. New core 
levels from these elements are strongly excited due to large 
photoemission cross sections, and their relative peak 
intensities in Si K a  XPS have been published. Most of the 
experimental work in this chapter in Si K a  XPS was performed 
to determine the relative "sensitivity factors" of elemental 
core level peaks throughout the periodic table. These new 
sensitivity factors are compared later with theoretical cross 
sections and other factors affecting peak intensities.
The most significant reasons which have deterred
experimenters from adopting Si K a  x-rays have not been
associated with the characteristics of the radiation, but
with the fabrication of the x-ray source itself and its
physical performance generally. In a 'state of the art'
(13)report written by Siegbahn's group in 1974v ’ the use of
silicon as a source was not encouraged because of "the
material's low thermal conductivity and poor mechanical 
properties, which may be important in certain methods of 
anode fabrication". These comments must be taken in the 
context of sources that are suitable for monochromatization 
and hence would need to be run at high power in order to get 
a significant x-ray flux onto the sample surface. The approach 
taken in this work was to produce a silicon x-ray source 
which could be run at low powers for some months without 
degradation, and which would still generate acceptable 
photoelectron spectra.
2.2 Previous Work in Si Ka XPS
The only previously published study of Si K a  XPS was
(9 )made by Castle, Hazell and Whitehead. ’ Their results showed
that:-
1) Si K a  XPS enhances Al sensitivity, compared to conventional 
XPS, by a factor of 20 times by exciting the Al Is peak.
2) The Al Is chemical shift between Al°(1558•2eV) and 
A1203 (1561•2) is the same as the Al 2p shift.
3) The chemical shift of the Auger peak between Al 
and Al^O^ is 6*5eV, leading to an Auger parameter change 
of 3.5eV. So chemical state determination of Al is made 
easy.
4) Al can be unequivocably identified in the presence of Cu, 
by circumventing the peak overlap problem of conventional 
XPS with the Al Is and Al KLL peaks.
5) The extension of the 2p core levels to As, Se and Br is 
also useful, especially for Br, where the sensitivity is 
enhanced by a factor of 10.
2.3 Aims of this Si Ka XPS Study.
The major part of this chapter is concerned with the 
quantitative measurement of relative subshell intensities in 
Si radiation. With this extension of quantitative experimental 
data, some comment will be possible on the effect of varying 
photon energy on photoionization cross sections and inelastic 
mean free paths.
It is found that the a satellites from Si K a  radiation
3,4
have a much lower intensity relative to the main a than1 »2
in Al radiation. The main contributions made here towards the 
more general use of Si K a  as an x-ray source for XPS are:-
1) The fabrication of an efficient and durable Si anode and 
x-ray source window which will be suitable for manufacture 
by commercial XPS instrument makers.
2) Standardization of the Si K a  x-ray source for XPS in terms 
of both ultimate resolution and peak signal strength, and 
also in comparison with conventional radiation data.
3) A complete study of relative experimental subshell peak 
intensities from a wide range of the most common elements, 
in Si radiation. This formed the basis of a comprehensive 
set of sensitivity factors for use with Si K a  XPS.
4) Data gained in 3) has also been used as an experimental 
base for a discussion of photoemission cross sections and a 
determination of the transmission function or brightness of 
the commercial XPS spectrometer used in this work.
2.4 Experimental Work in Si Ka XPS
2.4.1 Introduction
A description is given here of the most successful Si 
x-ray source to be made with which all the work described in 
the next section (2.5) was carried out. The only other major 
modification to the XPS instrumentation was the fitting of 
an integral inert atmosphere 'glove box' to the instrument.
This allowed surface analysis of air sensitive materials to be 
made with a minimal amount of chemical modification of the 
surface having taken place. This was required during the use 
of simple fluoride compounds of elements (where available) for 
the measurement of relative subshell cross sections. They have 
been used by other workers^^^^’4^ but Wagner^41) has suggested 
that an important source of error in peak intensity measurement 
has been due to surface contamination. To overcome this he 
added an extra term l/c for the "fractional efficiency of an 
electron emerging through a contaminating absorbed layer", 
however the uncertainties involved in this extra term cannot 
easily be resolved. One method of circumventing this problem 
is to reduce the thickness of the contaminating overlayer as 
much as possible; this was achieved in this work by the use of 
the glove box.
2.4.2 The Basic XPS Spectrometers used for Si Ka XPS Work
The instruments used for the Si XPS work described here 
were a V.G. ESCA II and V.G. ESCA III mk. 2, both made by 
V.G. SCIENTIFIC LTD., of East Grinstead, England. A 
comprehensive description of the V.G. ESCA III mk. 1 was 
publi shecf^ by the designers although a number of basic 
modifications were made between this and the later model, on 
which most of the work described here was done. In the ESCA 
III mk. 2 the analyser was swung through 90° on an axis passing 
through its entrance and exit slits. This allowed room for more 
ports to be added to the chamber and hence the attachment of 
the inert atmosphere glove box for this work.
As is shown in fig. 2.1, the x-ray source is 45° from 
vertical along the sample axis. The samples in this work were 
always set at a fixed angle, namely 60° to the horizontal, 
rotating around the sample axis; photoelectrons enter the
analyser entrance slit at 15° below.the horizontal. A most 
important geometrical parameter in the spectrometer in terms 
of detected photoemission intensity is the angle between 
photon and photoelectron direction; in figure 2.1 this is 
shown as ®xe* From 't^ ireG dimensional geometry:
xe TT 2 +
—xe- = 100-6
TT TT
12 COS 4
TT
12^2
o
radians
radians
oThis value is slightly larger than the 97% quoted in ref. 42,
o (43}
but is much less than the 105 given by Seah; ' which although
correct for the ESCA III mk. 1 does not take into account the 
repositioning of the x-ray source in the mk. 2 instrument. The 
effect of these angular differences is blurred because of the 
finite diverging angles of both the x-ray beam and photo­
electron trajectory to the analyser; the angle of the latter
. . 1Qo(42)being 13.v '
X-Ray 45
15
xeA a
2.4.3a The Durable Si Ka x-ray Source
Fig. 2.1 GEOMETRY OF
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TRAJECTORY IN 
ESCA III mk. 2
The Si x-ray source described here was the most durable
and successful one to be made. This Si source was made as a
joint Si/Mg anode to replace the standard ESCA III Al/Mg twin
(4 4 )
anode ;v ' the Mg surface of the new anode had previously been 
prepared by vapour deposition.
Method of Construction
For the Si face of the anode a semicircular Si wafer 
with a thickness of 0-8mm and diameter of 7 -00mm was prepared 
for bonding to the blank Cu surface on the twin anode.
The thin (miOoA) SiO^ layer was removed from one face of the
wafer by argon ion bombardment at 5kV, 10}iA for 10 minutes.
The oxide layer thickness was monitored by the Si 2p peak in
(4 5 )Mg Ka XPS from the wafer surfaced } Three precautions were
necessary for complete oxide removal:
-91) An ultra high vacuum (<10 torr) in the analysis chamber.
2) High purity Ar, free from O^ and H^O contaminants.
3) Adequate Ar etching time to remove the refractory SiO„ 
layer.(46)
After the SiO^ layer had been removed the Si wafer was
transferred to the ESCA III preparation chamber, where Ti •
metal was evaporated from Ti powder in an electrically heated
Ti foil boat. The finely ground Ti powder had previously been
raised to red heat in the absence of the Si wafer to remove
adsorbed species and present a clean metal surface (the oxide
TiO^ being soluble in the metal at high temperature). The Si
wafer on its holder was placed above the Ti powder and the
latter brought up to bright red heat for twenty minutes. The
prescribed thickness of Ti metal to be deposited on the Si
(47)
metal was to be 80nmv ' and the deposition rate of Ti under 
these experimental consitions was found to be about 5nm per 
minute, from previous milling experiments.
The wafer was then transferred from the spectrometer to the 
inert gas glove box after the Ti coverage of the Si was 
confirmed complete by XPS. After the Ti coated face was 
treated with 1 drop of "Ablebond 7l/lu 4^^  adhesive and placed 
in position on the blank Cu anode surface. The Cu surface had 
previously been depleted of oxide by abrading with emery paper 
in the glove box. The metal loaded adhesive allowed high 
thermal and electrical conductivities between wafer and anode, 
as shown in fig. 2.2.
Fig. 2.2 CROSS SECTION THROUGH THE SILICON WAFER/ANODE 
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The final stage of the process was the curing treatment 
that the epoxide adhesive required. It was necessary to cure 
the bond at 150°C in air for three hours during which time 
a force of 60g was applied continuously to the Si wafer as 
shown below (fig. 2.3)
Fig. 2.3 Si ANODE FABRICATION JIG. (Bond Curing Stage)
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It was undesirable to try and remove the oxide layer from the 
top surface of the Si wafer since this process could damage 
the bonding of the wafer to the Cu substrate. Also the local 
heating of the electron beam striking the Si wafer must cause 
some localised melting and the reduction of the thin oxide 
layer by the metal thus
 » 2Sio|Si.0^ + Si
The monoxide SiO has a high vapour pressure and leaves a clean 
metal surface.
2.4.3b Silicon X-Ray Source Window
The window is an important component of any x-ray source. 
Its elemental composition and thickness filter the intensity 
and energy distribution of the x-rays incident on the sample 
and so control the characteristics of the XPS results. By 
changing from Al (or Mg) Ka x-rays to Si radiation, the 
conventional Al foil window becomes unusable because of its 
strong absorption of Si K a  x-rays.
(9)In the previous Si K a  XPS work) ' gold coated muscovite
mica (KAl^(OH ,F ) ^ lSi^O^Q)) was used as it could be cleaved
into very thin sections. However, it does contain fairly high
atomic concentrations of Al, F and K, which cause some x-ray
intensity reduction. A material which had a low mass absorption
coefficient to Si x-rays, and which could be made into a thin
film was pure silica (SiO^). The technique of obtaining a very
thin film of silica by blowing a bubble of the material from
(49)the molten state' ’ proved an effective way of making Si Ka 
x-ray windows. The only disadvantage these windows suffered 
from was that strains occurred in the film when they were 
clamped into the window holder, due to their inherent slight 
curvature. This problem would be overcome if the silica were 
drawn from the molten state as a ribbon. Nevertheless the 
bubble windows were successful and used for all the work in 
this chapter. It was found by trial and error that it was not 
necessary to gold coat the windows, as no effects due to 
charging were observed in the uncoated windows.
2.4.3c Conclusions 
(13)Siegbahn' 1 gave two reasons for being sceptical about 
the viability of a Si K a  x-ray source. These were:
1) Low thermal conductivity
2) Poor mechanical properties.
Table 2.1 THERMAL PROPERTIES OF XPS ANODE MATERIALS
ELEMENT THERMAL CONDUCTANCE cal sec-1 cm"2 
(°C cm 1)
MELTING POINT 
°C
Magnesiuir 0-37 660
Aluminiurr 0*50 650
Silicon 0-20 1410
Titanium 0*06 1668
Silver 0-99 961
With a slightly inferior thermal conductance but much 
higher melting point than either Al or Mg (see table 2.1) it 
should still, be possible to run a Si anode at an anode loading 
of 100-300W. In spite of Siegbahn’s first reservation about 
Si Ka radiation, this was found to be the case in practise; 
after six months use at 150W (15kV at 10mA) no pitting of the 
Si anode was observed. No problems associated with the poor 
mechanical properties of Si were encountered using the anode 
fabrication method described here.
2.4.4 The Inert Atmosphere Glove Box Attached to ESCA III
The glove box was situated on the opposite side of the 
analysis chamber to the preparation chamber and was linked to 
the 38mm observation port of the analysis chamber by an 
extension piece. The other end of the extension probe made a 
vacuum seal by means of a standard flange and viton ’O ’ ring 
on an extended ESCA Il/ESCA III mk. 1 sample probe. The 
configuration of equipment used is shown in detail in fig. 2.4 
and overall in fig. 2.5 which also shows the gas cleaning 
pump below the glove box. Samples could be prepared either in 
the glove box or preparation chamber and subsequently analysed 
without interfering with the other chamber.
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The inert Ar atmosphere was kept clean by constant 
recirculation through a Ti sponge furnace at 800°C. This pure 
gas was also used to fill the spectrometer analyser chamber
when a sample was to be changed. Care had to be exercised 
during this procedure so that the pressure inside the glove 
box never fell below that outside, which would have caused an 
ingress of air; the positions of the gloves indicated the 
relative pressures and the flow of Ar from the cylinder could 
be adjusted accordingly. After the sample probe had been 
removed and the analyser chamber temporarily resealed, about 
20 minutes were allowed for the furnace to clean the fresh 
supply of Ar, before the next sample was prepared and sent 
into the analyser chamber. The analyser chamber was then 
evacuated using a vacuum line attached to the existing ESCA III 
pumping system. Evacuation then continued as normal.
Fig. 2.5 GAS HANDLING & VACUUM LINES ATTACHED TO THE GLOVE BOX
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2.4.5 Sample Preparation
High purity Al, Ni and Au foils, used for conventional
sensitivity/resolution studies in XPS, were Ar ion cleaned for
30 minutes using a defocussed 5kV static ion beam. All the
materials used for relative subshell intensity, measurements
were inorganic compounds, except PTFE, and were mostly in
powder form. This created additional handling problems
especially for those that were also air sensitive materials.
The most common early method of analysing powders was
(38 3 0  5 0 )to press them into double sided tape' 1 "* ' but this led to
some severe contamination problems from the tape. Some
materials like sodium f l u o r i d e ^  could be evaporated, but
the effect of this on surface stoichiometry was uncertain.
Improved sample handling techniques have been developed,
( 52)including impregnation into metal gauze; ' If the gauze is made
from gold then accurate determination of the Au 4f7^ peak position
can be used as an internal standard although there are doubts
over the validity of this(~^^ Evans's group introduced
the method of pressing the compound into a pellet, mounting on
the holder and freshly abrading the surface immediately before
insertion into the spectrometer. This method will reduce
surface contamination but still does not allow the use of air
sensitive materials; this explains Evans's use of organometallic
compounds for the relative subshell intensities of the
transition metals.
The technique used in this work was first developed by 
f 55)Theriault et al. ' and simply took the form of embedding the 
powder into indium foil and then running as a normal solid 
sample. This method had a number of advantages as described by 
Theriault, and as the results show, the most important benefits 
were minimal sample contamination and negligible signal from 
the In substrate.
2.5 Results Using Si KQ XPS
Standard spectra from Al and Au were studied in Si Ka XPS 
in order to determine resolution, sensitivity and satellite 
information from this source.
2.5.1 Aluminium
The survey scan of Al foil in Si Ka XPS (fig. 2.6) shows
the great intensity of the newly excited Al KLL Auger series.
The presence of Al Is core level and Al KLM Auger transitions
are observed as well as the existing Al 2p and Al 2s peaks.
This spectrum was recorded in 2500sec with only 70W of x-ray
(9 )power and shows an improvement over previous results; ’
The peak positions of Al Is and Al KLL peaks from the 
oxide coated Al foil are listed in table 2.2, and compared 
with those from previously published results. In this work a 
curve synthesis program was used to resolve the Al Is 
components from oxide and metal (fig. 2.7).
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Table 2.2 Al PEAK POSITIONS FROM OXIDIZED ALUMINIUM
Al KLL(1D )KE(eV) 
Al° AE Al3+
Al(ls) BE(eV)
Al° AE Al3 +
This Work
Castle et al( ^
(29) Wagnerv '
1393*6 6*2 1387*4 
1395*0 6*5 1388*5 
1393*1 6*7 1386*4
1558*5 2*8 1560*7 
1558*2 3*0 1560*2
C, = 284* 8eV O, = 531*6eVIs Is
A cause of error in measuring the KLL Auger peak
position of a compound in the presence of its parent metal is
the overlap of the compound peak with "th& d^o slate-- peak from
the metal. Fig. 2.8 shows the combination of oxide component
and 'S0 Spta ■State, from the oxide on Al metal. Accurate
3 +peak position measurement of the Al component of the
Al KL00L00 Auger peak could only be made after peak 23 23
’deconvolution’ and curve synthesis routines had been
performed. If this were not done, the shift between the metal
and oxide components of the KLL Auger peak would appear to
change with oxide thickness, which can be explained by an
increase in electrostatic charging of the oxide layer. This
may explain why the metal-oxide separation as measured by 
( 29)Wagnerv 1 is so high, and to a certain extent why there is a
difference of 0*9eV^^ between the KLL peak energy of Al3+
ions from the oxide on metal and A1XD0 powder measurements.
2 3
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23 23
OF SPECTRUM FROM
100-1
3+iAl
A1JD0 ON Al FOIL
. KE(eV) HEIGHT
o )
Peak 1 1387-4 99%
V\ AlKLL
Peak 2 1385*4 68%
H 60'
M
Singlet Width 2*06eV 
RMS Deviation 2*38%
40-
20 _
KE(eV)
1390 1388 1386 1384
2 • 5•2 Gold
The measurements taken in Si Ka x-rays from gold were 
used in three ways:-
1) Determination of ultimate resolution possible in the 
x-rays used.
2) Determination of signal strength compared to other x-rays.
3) Analysis of the parameters associated with the satellite 
x-ray lines.
The Au sample was prepared by evaporation from a
tungsten filament onto a cleaned Ni holder which had previously
been polished with ljim diamond paste. The residual gas pressure
“8in the preparation chamber was always less than 10 torr 
during the evaporation. Computer acquired Au(4f) peaks were 
used for all the measurements made on the Au spectrum as a 
standard.
DETERMINATION OF PEAK WIDTHS & RESOLUTION IN Si Ka XPS
The full width at half maximum of the Au(4fjry^ ) peak was 
determined in Si XPS for the constant analyser pass energies of 
5eV, lOeV, 20eV and 50eV, using the conventional method:
Data Acquisition
1) The analyser energy was set to the desired value.
2) A 30eV sweep from 1671*7eV to 1641*7eV (KE) centred on the 
Au^f^) peak was made to determine the peak half height.
3) A 3eV sweep from 1658•2eV to 1655*2eV was made to determine 
the peak width at half height.
4) The analyser energy was reset and the procedure repeated. 
Resolution Data Extraction
The resolution data was extracted in the following way 
(see fig. 2.9 below):-
FWHMFig. 2.9
3eV scan on
Au(4f//2) 
30eV scan on
a) A baseline (1) was drawn across the base of the 30eV 
sweep (fig. 2.9).
b) The vertical axis on the Au(4f7/2) peak (2) was drawn, and 
bisected between the peak top and baseline.
c) The full width (3) was drawn.
d) The full width line (3) was continued until it intersected 
the 3eV sweep on both sides (4).
e) The full width at half maximum (FWHM) was measured to 
within + 0»05eV (5).
The results from Si Ka, together with those previously
obtained from Mg and Al Ka XPS, are shown in table 2.3 and-
fig. 2.10.
Table 2.3 COMPARISON OF RESOLUTION WITH ANALYSER ENERGY FOR
Mg, Al AND Si X-RAY EXCITATION POWER: 300W
Analyser Energy(eV) Mg.Ka (eV) Al Kalj2(eV) Si Kal,2(eV)
50 1.80 2*01 2-00
20 1*21 1 • 35 1*51
10 1-00 1 *16 1 • 24
5 0*97 1 *09 1-20
The minimum FWHM obtained in Si x-rays from the Au(4f?2)
peak was 1.20eV at 5eV analyser energy. This could be reduced
further by using a sample such as silver with a lower core
level linewidth and by reducing the slit widths from 2*00mm
to 1*00 or even 0*50mm. At first it was believed that, apart
from two modifications, 1.20eV was the minimum FWHM available
in Si Ka. It was then noticed that the 3eV sweep of Au(4f?/2)
at 5eV analyser energy was strongly asymmetric, and that this
asymmetry decreased with increasing analyser energy,
suggesting that it was not part of the instrumental
contribution to the half width. The inherent shape of the 4f^
core level from Au is known to be symmetric, and so the
asymmetry can only be due to the natural shape of the Si
Ka1 0 x-ray line. The two components a and a are known to 1,2 1 . . 2
have energxes of 1739*98eV and 1739*38eVv ' respectively,
i.e. a 0 #60eV separation (fig. 2.11). The widths at half 
height of these components are approximately^^ 0*6eV and 
their shape will be intermediate between Gaussian and 
Lorentzian. Hence with a known a^ :a2 ra'ti° 2:1, the 
outline of the Si Ka^ 2 envelope can be estimated (see fig. 2.12).
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This x-ray envelope asymmetry (see above) caused the 
changes in the Au(4f?/2) peak shape on reduction of the analyser 
energy. A standard deconvolution and curve synthesis routine 
was applied to a computer acquired Au(4f ) peak using 5eV 
analyser energy, and the two components were completely 
separated; see fig. 2.13 below.
Fig. 2.13 COMPONENTS OF Au(4f7/2) PEAK
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The observed shape of the Si Ka envelope corresponds
1 , 2
closely to the envelope described in fig. 2.12. Instrumental 
and core level lifetime effects have broadened both components 
from 0*6eV to 0*8eV, and curve fitting in fig. 2.13 required 
a separation of 0*68 eV, in order to obtain the best fit.
Using these parameters it is possible to enhance the 
resolution of any core level peak in Si KOt XPS to the ultimate 
x-ray (Ka^) linewidth of 0*6eV. In practise, instrumental and 
core lifetime effects increase this width to between 0*75eV 
for peaks such as Ag(3dc^) and l*0eV for most core levels.
These resolution values require low analyser pass energies 
and/or narrow entrance and exit slits and longer counting 
times. For conventional XPS work a compromise between 
resolution and count rate is made and analyser energies of 
20eV, 50eV or lOOeV are chosen on the V.G. ESCA III.
The decrease in resolution with increasing analyser 
energy is shown in fig. 2.10. The S-shaped curves signify that 
at low analyser energies, the x-ray line width is the 
determining factor, while at high analyser energies the 
spectrometer resolution function is dominant. For A1 and Si Ka 
the resolutions converge towards 50eV analyser energy. This 
denotes that the instrumental resolution produces a lower 
limit of 2*0eV in these radiations, and that even increasing 
the pass energy to lOOeV will not significantly reduce this 
limit.
2.5.3 Determination of Signal Strength in Si Ka X-Rays
The same manual scans were used for the signal strength 
measurements as were used for the resolution determination.
The spectrometer instrumental conditions used were:-
Analyser Chamber Vacuum 3x10 ^torr
Preparation Chamber Vacuum -10 5x10 torr
X-Ray Anode Voltage 6 • 8kV
X-Ray Anode Current 9 • 5mA
Channeltron Voltage 2 • 4kV
Entrance and Exit Slit Widths 2* 0mm
X-Ray Source Window Material Silica Si02
X-Ray Source Window Thickness 4|im
Sample Angle to Analyser Entrance Slit 45°+2°
The sample used was evaporated gold as described on page 31.
The intensity measurement was made at each analyser energy by 
drawing a striaght line across the base of the Au(4f^) 
doublet making a tangent to the signal line at approximately 
80eV and 95eV. The height of the centre of the Au(4^) was 
measured above this background line; the results are shown in 
fig. 2.14. Here a comparison is made between signal intensities 
in Si K&CXPS and those obtained from conventional Mg A1 Ka 
x-ray sources. It can be seen that the photoemission 
efficiency in Si Ka is comparable to those in conventional 
XPS, being greater than 90% and 96% of the Au(4f^) signal for 
Mg and A1 Ka respectively. :
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Direct comparison between results from different x-ray sources 
must be made with caution, for a number of reasons, including:-
1) Changes in Window Material and Thickness
The silica window used in this work would have caused a 
different x-ray attenuation than the Al window used for Al 
and Mg Ka XPS. This is shown in table 2.4.
It appears that a silica window has a detrimentally high 
mass absorption coefficient to Si x-rays, 85% of which is
due to the oxygen in the structure. Thin windows of Si, Si„B .,3 4
SiC, Si^N^ or SiO would be preferable , but difficult to reduce 
to a sufficiently thin section* It is the plastic property 
of Silica which makes it most suitable for a window for 
Si K a  x-rays.
Table 2.4 X-RAY WINDOW EFFICIENCY^60)
X--Ray Window Mass Absorpn .
2 -1 Coeff. cm g
Absorpn . Coeff. 
^d Cnrl
Thickness
jim
Trans­
mission
Mg K0!l,2 Al 614-7 1994 0-75 86%
Al Ka, _ Al 385-7 1041 0-75 93%
Si
1, 2 
® 1,2 Si°2 753-0a 1920 4- 2b 46%
a) Mean value calculated for SiO^ from elemental values.
b) Estimated thickness.
2) Changes in X-Ray Power
The data in fig. 2.14 was normalised to 300W of x-ray 
power. The x-ray flux will not, however, be linearly 
dependent on the applied anode voltage and so linear 
extrapolation of the data produced at lower voltages will 
lead to an overestimation of the true x-ray flux generated?^
2.5.4 X-Ray Satellite Line Measurements
Measurements were made on the Ka0 and Ka. satellites of3 4
Si from a number of core level peaks from different spectrae 
K  The mean values of these measurements are
shown below.
Table 2.5 Si I<a X-RAY SATELLITE LINE CHARACTERISTICS
Satellite Line Energy Separation from Intensity
(eV) Q1 ,2 (Ka1>2 = 100)
KQ3 1750-85 11-0 eV 6-1
KQ4 1752-7 12-85 eV
2-0
These results are in line with the decrease from Mg to 
Al Ka x-rays as measured by Krause and Ferreira!^ The 
rapid drop in all the satellite intensities when going from 
Mg to Si Ka explains why no measurements were made of the 
Si Ka^ and Ka^ peaks. It is possible to estimate that their 
intensities would be less than 0*05$and 0• 10/£respectively.
2.5.5 Relative Subshell Intensity Measurements
a) Materials
The choice of materials on which to make relative 
subshell intensity measurements was decided by the following 
order of preference:
1) The existance of a simple fluorine compound X of the 
element which could be analysed by XPS i.e. stable in a 
vacuum and under, x-rays; 53% of compounds used fell into 
this category.
2) If no fluoride of the element were suitable than a simple 
sodium compound was chosen if available e.g. Na^X^ (7%)-.
3) If there were no simple fluoride or sodium compound then
a more complex fluorine and/or sodium compound would be
used e.g. Na X.F or Na,X O. (20% of samples). ^ c d e  f g h v J■ 1
4) If no suitable compound of fluorine or sodium were availabl 
then a compound of Al, K or 0 would be used (20%).
£<jjcK o$, the samples, except for the PTFE which was run as 
normal, were taken from the containers in which they were 
supplied and immediately ground in a glass mortar within the 
inert gas glove box. After grinding, the powder was placed
between two leaves of indium foil as described by Theriault
( 55) .et al; ' The folded In leavGS were pressed on one side onto
a modified sample holder which was then fitted into the
modified sample probe (fig. 2.4). The top In leaf was removed,
excess sample powder tapped off, the probe fitted and the
analyser chamber evacuated using the vacuum line shown in
fig. 2.5.
The most important problems concerning the samples were 
stability in vacuum and/or under the x-ray beam and 
contamination levels on the sample surface. No stability 
problems were encountered with the compounds up to the end of 
the first transition series. Attempts to run fluoride samples 
of the second transition series were not possible - niobium 
pentafluoride decomposed continuously while under x-irradiation 
and while attempts were made to collect data. For Zr and Nb 
the oxide was chosen, and for Mo the Na salt of the molybdate 
ion, but these were less satisfactory as standards than the 
corresponding fluorides. Table 2.6 shows the samples chosen 
and their purities.
Table 2. 6 SAMPLES USED FOR Si Ka XPS INTENSITY MEASUREMENTS
COMPOUND SUPPLIER PURITY COMPOUND SUPPLIER PURITY
LiF K 99*5% NiF2 B 98%
NaBF . 4 B 98% CUF2 K P
<CF2-CF2»n Local 99% ZnO B 99*8%
KN03 B 99*5 % GaP B 'Optran'
A12°3 B 99% GaAs Local E
Na2S04 B 99*5% Na2Se03 F 99%
NaF B 99% NaBr B 99%
MgF2 B 95% RbF K 99*8%
A1F3 B 99% SrF2 B 97%
K2SiF6 B T YF3 K 99*9%
NaP03 B T Zr02 B T
Na2s°4 B 99*0% Nb2°3 K 99*9%
NaCl B 99*9% Na2Mo04 F 99%
KF B 99% Ag02CCF3 K P
CaF2 B 99% CdF2 B P
s c f3 K 99*9% Na2Sn03 B T
TiF3 K 97% SbP3 K 99%
VF3 K 95% Nal B 99%
CrF3 B T CsF B 98%
MnF2 K P BaF2 K 99%
FeF2 K 94% PbF2 K P
Co F2 K 99% Bi2°3 K P
Na2SiF6 B T GeO, G (M:99*99992)
Notes
1. Suppliers: B: BDH Ltd. Poole Dorset
F: Fisons Ltd. Loughborough LE11 ORG
K: Koch Light Ltd.
G: Goodfellows Metals Ltd. Cambridge
2. Purity: P: 'Pure' grade supplied
T: 'Technical1 grade
E: 'Electronic' grade
All the fluorides which were run were to some extent 
hygroscopic and many of the transition metal fluorides such 
as those of Ti, Va and Cr could not have been used for standard 
measurements without the aid of the inert gas glove box because 
of their reactivity to atmospheric moisture. For this reason 
the use of zinc fluoride as a standard was dropped as it was 
contaminated by an oxygen containing species - probably 
hydrated zinc oxide. Generally contamination levels were kept 
low by:
a) opening the sample container under an inert atmosphere;
b) grinding the sample under an inert atmosphere, so 
generating a virgin surface;
c) evacuating the sample to ultra-high vacuum (<10~^torr);
d) obtaining the required data in as short a time as possible. 
It is the acquisition of statistically valid count rates in 
less than 30 minutes for most compounds that makes the data 
the best possible from the experimental and instrumental 
limitations in force in this work. The data acquisition can
be divided into two sections for each sample; wide and narrow 
scan spectra.
b) Results
1. Wide Scan Specta
One wide scan spectrum was acquired for most samples. 
This was principally to determine the level of surface 
contamination present and also the presence of unusual 
features which would not have been detected from individual 
peak narrow scans. The most common difference noted between 
Si Ka induced spectra and conventional XPS results was the 
relative positions of the photoelectron and Auger electron 
peaks (see below).
Fig. 2.15 KINETIC ENERGIES OF THE PHOTOELECTRON & AUGER
PEAKS IN Si Ka XPS. (With Overlap Peaks).
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Figs. 2.16 and 2.17 show wide scan spectra ot the transition 
metal fluorides in Si x-rays from and VF^* The increased
photon energy allows good spectra to be obtained up to at 
least 1400eV binding energy without the background level 
completely dominating the spectrum.
SURVEY SCANS OF TRANSITION METAL FLUORIDES IN Si Kg XPS
Fig. 2.16
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In Al Ka XPS it is only possible to obtain spectra up to 
1400 eV (BE) with the analyser operating in the constant 
retard ratio mode. This would reduce both the sharply 
rising background and the measured peak intensities in 
this region.
Overlap of peaks in Si XPS was of some concern in this
work, although the problem of peak overlap has not generally
been discussed by other workers when attempting to make
accurate peak intensity measurements. This is a real problem
in the 0-100eV binding energy region especially if complex 
/ ^  ^  \
salts'1 ' are used as standards. The problem is not so great 
if simple fluorides are used; in the case of the transition 
metals, no overlaps occur. Cases of peak overlap were found 
for compounds of heavier elements, the most important of which 
are listed in table 2.7. For the Sn(4dg2), Sb^d^,), Sb(3d^) 
and Ba(3p^) peaks, deconvolution and curve synthesis routines 
were necessary.
Table 2.7 PEAK OVERLAP ENERGIES IN Si Ka XPS
ELECTRON KINETIC 
ENERGY (eV)
PEAKS OVERLAPPING ON THAT ENERGY
1709 F(2s) ,Na(2Pj2>!g) ,Sn(4c^) ,Sb(4c^)
1213 0( Is), Sb^d^)
1051 FClsJ.GatLMMJ.InPp^)
655 F(KLL)
1716 0(2s) ,Bi(5c^)
* Note: In the cases of NaF and NaBF the sodium 2p peaks
were separated from the F(2s) by about 3eV due to chemical shifts, 
c) Contamination Layer Thickness
The measurement of the contamination layer thickness is 
important on any material surface from which quantitative XPS 
or AES data is to be assessed. The levels of carbonaceous 
contamination on these samples were all low, although for the 
fluorides of elements heavier than Br, there was a tendency 
for a thin carbonate layer to form. The difference in the 
chemical shift of a metal ion attached to a carbonate ion 
compared to that of a metal fluoride was so large that the 
correct peak intensities could subsequently be determined by 
the conventional deconvolution methods.
The thicknesses of the contamination layers on most of 
the compounds have been calculated from the ratios of the 
intensities of the C(ls) from the contamination, to those of 
the F(ls) (or standard peak used) from the substrate material
: C ( o o  )(1 " exp(-d/Acsin0) ) Equn
Equn. 2
i.e. C(d) = I. 2
= ^F(O) (exP( -d/Xc.sin0 ))
Where
F(d) ^F(O) v *'F'
T and I % are the C(ls) signals from layers ofC(d) C( oo) v / »
thickness d and oo respectively
are the F(ls) signals from substrates 
d and zero respectively 
are the inelastic m.f.p.’s of C(ls) and F(ls) 
respectively
0 is the escape angle from the surface for the 
photoelectrons.
IF(d) and IF(0) 
covered by layers of thickness
A_ and A„C F
Then C(d) _ C(oo)
F(d) F(0)
(exp( Apsin0 sin©'' A ■r >■>Ac
Equn. 2.3
C(co) _= 0*2 in Si Ka x-rays;
F( 0)
From the ratio (I ds Possi-ble ’to determine an
apparent contamination thickness, d, which is the mean value
of the depth of the carbonaceous layer
o*7-j
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Fig. 2.18 is a graphical representation of equation 2.3, on
which have been marked the equivalent d values of the
contamination layers on the compounds used. A monolayer
coverage of carbon contamination has been calculated to be
about 3•5X deep, from the assumption that 0 * 2  monolayers of
contamination on Au produce a C(ls) to Au(4f) ratio in Al Ka
(59) .x-rays of 0*5:100; 1 From fig. 2.18 it can be seen that
most of the samples have much less than a monolayer coverage, 
suggesting that on these the contamination is not a continuous 
layer; within experimental limitations these will give the 
most accurate results.
2. Narrow Scan Spectra
Accurate peak height and area measurements were taken 
from narrow energy scans of the principal peaks from each 
spectrum. The spectrum conditions used were:-
Table 2.8
Number of Channels ................... . 100
Channel Width ..........................  0-20eV
Total Time in each Channel .....    l*5sec
Analyser Energy ........................ lOOeV
Analyser Slit Widths ..................  4-0mm
Sample to Analyser Entrance Angle ....  45°
X-Ray Source Voltage and Current .....  7*0kV © 9 * 5mA
Under these conditions 110 subshells from 45 elements 
were recorded and their peak heights and areas were measured 
after subtraction of a linear background. The values obtained 
depended on:
1) The surface atomic concentration of the element
2) The relative differential cross section of the orbital
3) The escape depth of the electrons
4) The channelling pattern into satellite components of the 
main peak:.
So the measured values of area varied from 0*02 for Li(ls) to
6*24 for Se(2p), and those for height from 0*02 for Li(ls) to
6*22 for Ge(2p). For all samples the counts in the major 
unknown peak were made to excede 1 0 , 0 0 0  to ensure that the 
statistical error in counting would be less than 2%. For 
smaller peaks a compromise had to be reached between counting 
for longer periods, and the growth of the carbonaceous
contamination layer with time.
The measured heights and area were transformed into 
"sensitivity factors" relative to the F(ls) by equations
2.4 and 2.5 respectively.
Sheight(Xa,b> = ^  • h eight(Xa ?b) . ±ght(Rc(d)
X height' c , d '
Equn. 2.4
S (X ,_) = NR . 1 areata,b^ . S (R Jareav a,b' — -------- . — *■ . area' c,d'
« ► J. ( X\ i )X area' c,d'
Equn.2.5
where S are sensitivity factors
I are measured peak intensities of unknown orbital a,b
of element X and reference orbital c,d of element R
N and N are the surface atomic concentrations of X X K.
and R respectively.
The results of these measurements and calculations for 
Si radiation are given in tables 2.12-2.13, and graphically 
in figs. 2.19-2.21. A full discussion of these results will 
be made in section 2 .6 , but it should be noted that the Is 
and 2p subshells have included values for Al and Br respectively, 
these were the first to be reported from experimental 
measurements.
The intensities of peaks from any one shell increase 
at an exponential rate with increasing atomic number. There 
are breaks in these trends (figs. 2.19-2.21) where it was 
possible to measure only one spin state of a doublet, as the 
spin orbit splitting had become sufficient at these points 
for one component to be completely isolated from the other. The 
first element in each series for which the highest spin state 
alone was measured was:-
2p .............  Titanium (22)
3p .............  Bromine (35)
3d .............  Silver (47)
The spin orbit splitting at each of these points is about
4 e V ^ ^  and separation of the two components would have been 
possible earlier had the measurements not been made at a 
high analyser energy of lOOeV, causing a correspondingly 
large instrumental peak broadening. This would not affect 
relative peak intensity measurements.
Electron shake up and other multi-electron phenomena
cause reductions in main photoelectron peaks of up to 30%,
generating an equivalent satellite structure that is strongly
dependent on chemical environment. By measuring the peak
areas at low spectrometer resolution the values listed are
automatically integrated over all the final states and are
(83 ^essentially independent of chemical environment: '
Fig. 2.19 1s,2p,3d,4f RELATIVE CROSS SECTIONS FOR Si Ka XPS
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ELEMENT COMPOUND Is SHELL 2s SHELL 2p SHELL
AREA HT. AREA HT. AREA HT. AREA HT.
3 Li LiF 0 - 0 2 0 * 0 2
5 B NaBF4 0-13 0*15
6
7
C
N
(CF2 -CF2)n
kno3
0*23
0*40
0-25
0*43
8 0 Al^O^ jNa^SO^ 0 * 6 8 0*67
9 F 1 * 0 0 1 - 0 0 0*05 0 *05
1 1 Na NaF 2*03 2-08 0-13 0 *14
1 2 Mg MgF2 2-73 2*87 0-16 0 *17 0 1 0 0 1 1
13 Al aif3 3 • 44 3*81 0 * 2 1 0 *2 2 0 15 0 17
14 Si K 2 S i F 6 0* 19 0 *19
0 23 0 2 2
15 P NaP03 0*36 0 *26 0 27 0 27
16 S Na 2 S0 4 0 51 0 43
17 Cl NaCl 3s SHELL 3p SHELL 3d SHELL 0
63 0 52
19 K KF 0 *1 2 0 *15 1 03 0 90
2 0 Ca CaF 1 78 0 94
2 1 Sc SCF3 0 28 0 17 1 24 0 95
2 2 Ti TiF3 0 15 0 14 0 75 0 8 8
23 V VF3 0 27 0 25
0 95 0 94
24 Cr
C r F 2
0 18 0 18 0*05 0 07 1 04 1 07
25 Mn MnF2 0 28 0 27 0*50 0 60 1 95 1 45
26 Fe F e F 2 0 48 0 37 2 0 2 1 28
27 Co c°f2 0* 13 0*09 0 28 0 26 0*09 0 09 2 44 1 58
28 Ni NiF 0 * 2 0 0 - 1 2 0 41 0 24 2 84 1 71
29 Cu CUP, 0 * 2 1 0*17 0 59 0 53 0*18 0 1 1 3 95 2 63
30 Zn ZnO 0 * 2 2 0*19 0 64 0 42 0*18 0 2 1 3 89 4 1 1
31 Gsl GaP 0*32 0-33 0 60 0 70 0*57 0 57 5 09 4 79
32 Gg Ge0 2 0*30 0-29 0 90 0 73 0*48 0 52 5 30 6 2 2
33 As GaAs 0 8 8 0 50 0*53 0 58 5 96 5 .52
34 Se NaoSe0o 
2  o
0 98 0 70 0*76 0 97 6 24 4 04
35 Br NaBr 4p SHELL 0 79 0 45 0*85 0
93 5 78 5 13
37 Rb RbF 0-17 0*18 0 75 0 48 0*77 0 85
38 Sr SrF 0 * 18 0 - 2 2 0 8 6 0 91 1 *13 1 19
39 Y YF3 0*29 0 * 2 0
1 08 0 90 1 *46 1 24
40 Zr Zr° 2 0 * 26 0*25 0 96 0 85 1 *44 1 24
41 Nb Nb 2 ° 3 0-29 0-16 0 99 0 99 2*08 1 58
42 Mo Na 2 Mo0 4 1 1 2 0 92 2 * 28 1 54
47 Ag Ag0 2 CCF3 1 96 1 96 2*54 4 17
Table 2.10 SENSITIVITY FACTORS RELATIVE TO F(ls) cont.
ELEMENT COMPOUND 3p SHELL 3d SHELL 4d SHELL
AREA HT. AREA HT. AREA HT. AREA HT.
48 Cd CdF2 1-78 1 *41 2*75 2 * 2 2 0*59 0-52
50 Sn Na 2 Sn0 3 2*07 1 *41 3*09 4*04 0-58 0* 63
51 Sb SbF3 2-08 1 *82 3-43 5*07 0*73 0-53
53 I Nal 4* 14 5*08 1 *16 1 *07
55 Cs CsF 5-36 5*87 1 *41 1-24
56 Ba BaF2 2*49 1 *91 6*03 5 *.99 1-70 1-41
4f SHELL 5d SHELL
82 Pb
P b P 2
3-53 3*40 3-26 2-33 0-47 0 * 36
83 Bi Bi2°3 3-14 3-22 2*50 1-95 0*32 0-27
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Fig. 2.21 RELATIVE CROSS SECTIONS FOR Si Ka XPS: 3s; 4p AND 
5d SUBSHELLS
2.6 Signal Intensities & Cross Sections in Si Kg X-Rays
2.6.1 Introduction
The measured intensities of photoelectron peaks are 
dependent on the characteristics of the photon source, 
sample and electron energy analyser and detector systems.
Fadley (64) has deduced an expression for calculating peak
intensities by integrating the signal dN^ from each 
elemental volume within the sample (fig. 2 .2 2 ) and then 
following the electrons in their subsequent trajectory to 
the detector:
 ^dNk dv = ( ( F x A x c t.-x P x G x I) dvj k xy z
where F is the X-ray Flux at xyz
A is the Atomic Density at dxdydz
Equn. 2.6
CJ is the Differential Cross Section for the k Subshell k
P is the Escape Probability with no Energy Loss 
©xyz is the Acceptance Solid angle of Electron Analyser 
at xyz
I is the Instrumental Detection Efficiency
Fig 2.22 GEOMETRICAL RELATIONSHIP OF X-RAY SOURCE, SAMPLE 
& ANALYSER ENTRANCE SLIT FOR CALCULATING 
PHOTOELECTRON PEAK INTENSITIES.
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A study was made of the relative peak intensities of 
the strongest subshells from the most important elements, 
using Si Ka x-rays from the novel silicon x-ray source. 
This set of data (tables 2.9-10, figs. 2.19-21) comprises 
the height and area intensities relative to the fluorine
Is subshell of 110 core levels from 45 important elements.
In this form it is immediately of use as a set of 
experimental sensitivity factors for the Vacuum Generators 
ESCA I I I  with Si K a  x-ray source and as such should be 
capable of semiquantitative surface concentration 
calculations as can be made with Wagner's^^^ and Jorgensen 
and Berthou's^"^ data for Al Ka and Jorgensen and Berthou's^^ 
and Evans et al.'s data for Mg K a .  For peaks measured in the 
same spectrum under constant x-ray flux only the differential 
cross section term and escape probability terms will be 
affected by a change of photon energy. The variations in 
escape probability, which are dependent on inelastic mean 
free path, can be coupled to acceptance solid angle and 
instrumental detection efficiency terms as these are the only 
ones dependent on the kinetic energy of the ejected 
photoelectron. The subshell peak intensities measured in 
Si K a  x-rays can therefore be used as an experimental data 
base for probing both the accuracy of calculated differential 
cross section measurements and for examining the instrumental 
detection characteristics as a function of electron kinetic 
energy. Comparisons of experimental peak intensities with 
theoretical cross section calculations have been conducted 
many times previously, however this comparison has never 
been reported for Si K a  excited photoelectron spectra.
Table 2.11
PAPERS IN  WHICH EXPERIMENTAL PHOTOELECTRIC PEAK 
IN T E N S IT IE S  ARE COMPARED WITH CALCULATED PHOTOEMISSION  
CROSS SECTIONS.
N
PUB.
YEAR
FIR S T
AUTHOR
REF. NO. OF 
ELEMS.
NO. OF 
CORE 
LEVELS
HT.
&/OR
AREA
RAD^ INSTRUMENT THEORY USED
1972 W agner 50 43 43 H , A A l V a r ia n O J (1 4 )  B e a rd e n ' '
1972 J o rg e n s e n 65 73 220 H A l V a r ia n O w n*6 5 )
1973 No f  e tiov 38 16 35 A A l V a r ia n O w n*3 8 )
1974 Ketneny 51 3 9 A A l Own H e n k e *7 1 )
1974 C a r t e r 66 10 11 A A l Own S c o f i e l d * 7 0 )
1975 B e r th o u 39 76 279 H Mg V a r ia n None
1975 N efedov' 67 25 25 A A l V a r ia n Own*38 )
1976 B r i l l  son 08 51 81 A Mg PHI S c o f i e l d * 7 0 ^
1977 W agner 41 52 186 A M g /A l V a r ia n S c o f i e l d * 7 0 )
1977 E vans 54 15 25 A Mg K ra to s S c o f i e l d * 7 0 )
1978 Evans 36 39 69 H ,A Mg K ra to s S c o f ie ld *  7 0 )
1978 Vu 1 1 i 09 34 34 A A l V . G . ( 3 ) S c o f ie ld *  7° )
19 80 C a s t le 2 45 110 H , A S i V . G . ( 3 ) M o d i f ie d  S c o f ie ld * 70)
1981 W agner 72 62 146 H , A M g /A l PHI S c o f i e l d * 7 0 )
No rigorously calculated differential atomic cross sections 
have been published, but there is sufficient data available 
in the literature to determine these, both by extrapolation 
and interpolation. The methods compared are:-
1) Linear extrapolation from Scofield's ^  tables for Mg 
and Al radiations.
2) Logarithmic extrapolation from Scofield' s  ^ tables.
(73)
3) Semi-empirical calculation using x-ray absorption data: '
4) Logarithmic interpolation of Nefedov’s tables P® * ^  9
2.6.2 Linear Extrapolation from Scofield's Tables
The comprehensive photoionization cross sections for
Mg and Al K a  XPS calculated by Scofield are almost universally
used as the standard data base. They were calculated using
the Hartree-Slater model and it appears that a fixed ratio
occurs between the Mg and Al Ka data sets. The present author found
Althat the relative Is cross sections a in Al Ka compared to 
Mgthose, a m  Mg K a  can be expressed thus:-
a A 1  = 1•07ctMQ - 0-055 (R=0-999999)
Equn. 2.7
As the incremental energy change from Al to Si K a  is similar 
to that between Al and Mg Ka radiations it was argued that:-
AT
c = Ma + C Equn. 2.8
with M " 1-07 and C = -0-06
A linear regression analysis of 103 points of the experimental
(2 )and linear theoretical data was madev ’ giving a correlation 
with M = 0-97 and C = 0-024 with R = 0-99. A closer fit was 
obtained when asymmetry parameters (p=l-5 for p levels, and 
P= 1-25 for d levels) were incorporated. The fit between 
experimental and theoretical cross sections varied greatly 
between subshells with the major peaks (Is, 2p, 3p, 3d and 4d) 
being the most accurate. The weaker peaks have poorer fits 
which can be accounted for by the lower precision from 
reduced signal to noise ratios.
2.6.3 Logarithmic Extrapolation from Scofield's Tables
A more accurate extrapolation method for calculating 
the Si K a  cross sections from Scofield's data is by the 
logarithmic equation 2.9 (over).
FROM SCOFIELD BY THE EQUATION:
lna.. =1 *0219485 lnoA1 -0-07002205 (cr_ „ =1*00)  Si------------- Al------------- 5— F Is----- L
ELEM. lsL'z 2 p^. 2 P3£ 3sP'Z
3 P'^Z 3 P3/2 3% 3 d5/2
3 Li 0-0116
4 Be 0-0410
5 B 0-1045
6 C 0-2185
7 N 0-3984 0 0004 0 0008
8 0 0-6554 0 0013 0 0025
9 F 1 • 0 0 0 0 0 0032 0 0064
1 1 Na 1-9511 0 0135 0 0269
1 2 Mg 2-5755 0 0234 0 0467
13 Al 0 0381 0 0760 0 0 0 0 2 0 •0004
14 Si 0 0586 0 1166 0 0009 0 0018
15 P 0 0863 0 1715 0 0025 0 0049
16 S 0 1223 0 2431 0 0053 0 0105
17 Cl 0 1684 0 3329 0 0099 0 0196
19 K 0 2969 0 5846 0 0256 0 0506
2 0 Ca 0 3803 0 7516 0 0749 0 0362 0 0715
2 1 Sc 0 4822 0 9493 0 0881 0 0467 0 0920 0 0003 0 0005
2 2 Ti 0 6006 1 1826 O' 1017 0 0586 0 1157 0 0 0 1 1 0 0016
23 V 0 7378 1 4494 0 1159 0 0723 0 1422 0 0025 0 0037
24 Cr 0 8963 1 7570 0 1287 0 0857 0 1680 0 0053 0 0079
25 Mn 1 0716 2 1033 0 1460 0 1043 0 2046 0 0086 0 0128
26 Fe 1 2706 2 4908 0 1617 0 1228 0 2408 0 0143 0 0 2 1 1
27 Co 1 4890 2 9150 0 1778 0 1429 0 2789 0 0225 0 0332
28 Ni 1 7290 3 3855 0 1944 0 1644 0 3216 0 0340 0 0500
29 Cu 1 9838 3 8883 0 2089 0 1846 0 3600 0 0508 0 0745
30 Zn 2 2510 4 4092 0 2274 0 2113 0 4119 0 0704 0 1032
31 Ga 2 5543 5 0006 0 2475 0 2408 0 4686 0 0949 0 1391
32 Ge 2 8914 5 6582 0 2700 0 2722 0 5322 0 1248 0 1833
33 As 3 2577 6 3871 0 2902 0 3059 0 5983 0 1608 0 2364
34 Se 3- 1607 6 -7979 0 3145 0 3419 0 6669 0 2038 0 2991
35 Br 0 3374 0 3803 0 7424 0 2543 0 3712
37 Rb 0 3622 0 4595 0 9009 0 3803 0 5550
38 Sr 0 4119 0 5004 0 9862 0 4573 0 6691
39 Y 0 4391 0 5436 1 0739 0 5436 0 7952
40 Zr 0 4663 0 5892 1 1641 0 6417 0 9401
41 Nb 0 4936 0 6349 1 2544 0 7516 1 0993
42 Mo 0 5209 0 6806 1 3495 0 8733 1 2753
l n o s . = m In + b Equn. 2.9
where m and b are calculated from:
In o'. n = m In a.. + b Al Mg
Using Scofield’s tables, the following constants are
determined:
m = 1*0219485; b = -0*07002205
These were obtained with a correlation coefficient R=0*99999. 
A table of cross sections calculated using equation 2.9 is 
given (table 2 .1 2 ).
Table 2.12b Si CROSS SECTION DERIVED FROM SCOFIELD ( contd. )
ELEM. 3Pp
- 2 3%
3d,.
3/ 2 3% 4% 4 d5/ 2
47 Ag 0 9078 1*8430 1•6847 2*4532 0*1380 0*1986
48 Cd 0 9516 1*9464 1*8926 2*7569 0*1690 0*2431
49 In 0 9931 2*0471 2*1150 3*0803 0•2040 0*2946
50 Sn 1 0346 2*1455 2*3568 3*4305 0*2431 0*350.9
51 Sb 1 0762 2•2440 2*6155 3*8076 0* 2834 0*4097
53 I 1 1456 2•4438 3*1867 4*6356 0*3735 0*5436
55 Cs 1 1988 2 * 6226 3*8242 5*5649 0*4777 0* 6943
56 Ba 1 2289 2*7004 4*1712 6*0632 0*5345 0*7768
4% 4 d92 \
5 dr. 5/2
82 Pb 2 *0330 3•0094 2*3004 2*9410 0*2431 0*3487
83 Bi 2 *0963 3*1087 2*5167 3*2175 0*2722 0*3893
2.6.4 Semi-Empirical Calculation Using X-Ray Absorption Data 
Introduction
The absolute reduction in the intensity of an incident
x-ray beam (hv) flux on an element Z , is the sum of thev ' nlm
individual subshell absorptions which are proportional to the
subshell photoelectron cross sections. A method of determining
photoelectron cross sections from the jumps in the x-ray
spectrum of the target element at the subshell absorption
edges was used by Vulli and S t a r k e f o r  Al K a ;  this method
can be applied to any other incident x-ray using the x-ray
(79 )absorption data of Me Master et al: ’
Theory
The photoelectron cross section  ^ ) °f one level nlm 
from an element Z is determined from the percentage of the 
total photoabsorption cross section of the x-ray hv in that 
element due to the process:
. + 1Z , + hvnlm -> Z n + e n nlm nlm
F . T  (E, )nlm nv hv'(Znlm> =
where ^°^a  ^ x“ray photoabsorption cross
section of an x-ray photon of energy hv in element Z. 
Fnim is "th0  ’’distribution factor ' 1 which predicts the 
fraction of due to the photoemission of an electron 
from the nlm level of Z.
Fig. 2.23 shows the simplest case for the calculation of a K 
level photoemission cross section from the x-ray absorption
cross section at E, .K h
Fig. 2.23
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The fraction of T t,(E, ) caused by the emission of a K levelK v hv *
electron is approximately X  thus:
K ^  FK^K^Ehv^
where t* = 1  (E ) - T B (Ehy) = ”rK (Ehv ) ( 1  - V f h v  j)
K hv ^
It follows that:
F = (1 - l/JK )
and a^ . ( 1  - l/j^ , )Tj^ ( E^v)
It is assumed that the Jump ratios J are independent of the 
photon energy.
For core levels of higher principal quantum number, n
the expressions for Fn 2 m become more complex because the
total cross sections must be divided among the subshells of 
different angular momenta and spin states. Photoemission 
cross sections for each of the successive L subshells are 
calculated using the Jump ratios as for the K shell. For 
each of the L subshells the total x-ray absorption at h is 
renormalised to subtract any higher energy absorptions other 
than the one of interest. Thus for the L2 subshell, the 
total absorption TL (Ehv) must be renormalised to 
which is calculated by:-
TL2(Eh J  = V Eh J /J L lL l Where JL1U = r ^ L1)
’v(tl)
as aL 2  = (l-l/JL 2 )TL 2 (Eh ) 
hence = (l-l/J^2 ) \ ( ^ ) / J ^ x
The three L subshells are:
CL 1 “ ^1 “1 /JL l ^ L ^ Ehv^
aL 2  = ^1 _ 1 /JL 2 ^ L ^ Eh v ^ JLlLl
CTL3 = 1^ _1 /JL3^r L^Eh v ^ JLlL2
Comparable equations can be written for the M, N and 0 shells.
Data: Total Absorption Cross Sections T
(73 )Me Master et al: ' have compiled x-ray absorption cross
section data for all elements over the range of photon 
energies from IkeV to IMeV. This data is presented graphically, 
in tables (as barns/atom and cm /g), as a function of energy 
and finally as fit coefficients A. to the equation:
i
In ct = | A.(lnE ) 1  Equn. 2.10
i= 0  1
The total x-ray absorption T!^(E^v ) for a particular shell can
be calculated for the particular photon energy of interest,
i.e. 1739*4eV for Si Ka XPS, using equation 2.10.
Vulli and S t a r k e ^ ^  supplied extra fit coefficients 
(73)to Me Master’sv ' absorption data for use m  equation 2.10 
for atomic number Z, but only for an x-ray energy of 1487eV:
l n X  = | c! (In Z ) 1
i= 0  1
This aids the calculation of X since the coefficients c^ 
have been fitted for a specific range of Z where absorption
occurs by the same shells. This replaces individual
elemental coefficients but reduces the overall accuracy, 
since over the whole Z range only 3 instead of 4 coefficients 
are used. These coefficients are tabulated specifically for 
Al Ka XPS and so are not used here.
Data : Jump Ratios
The Jump positions and ratios J. are also supplied by
(73) 1 .
Me Master et al.v ' for the following absorption edges:-
K shell edge for Z >, 11 (Sodium)
L shell edge for Z >, 28 (Nickel)
When the M, N and O shell absorption edges are at an energy
greater than IkeV, it is possible to calculate the edge
jumps from Me Master’s tables as these include absorption
values within leV of both sides of the edge.
. (75)Vulliv ' has calculated coefficients to fit the 
second order log log function in Z for jumps:
In J. = | a.(In Z ) 1
1  i= 0  1
and the first order linear equation:-
i t
J . = a + a. Z jk 1
These values were found to be less accurate than those 
determined from Me Master’s edge measurements, which were 
used in calculating the values plotted in fig. 2.26.
Results
The logarithmic modified Scofield data (table 2.12 a,b) 
and the x-ray absorption data calculations show an excellent 
fit, and from a linear regression analysis the following 
correlation parameters are found:
M = 1*037; C = -0*0167; R = 0*99997 
The fit to the experimental data is surprisingly
close, considering that other physical and experimental 
factors influence these results. The fit is closest for 
elements near F, since data for this element were all 
normalised to 1 *0 0 ; differences for other elements are 
not in a simple relationship as the sensitivity factors 
are greater both before and after F. Over a shorter 
elemental range (fig. 2.26) comparison of the different 
methods of calculating the photoemission cross sections 
shows the short comings of the linear calculation method 
which was used in ref. 2 , however when this method was used
the cross sections were not allowed to fall below zero, so'
that a realistic comparison could be made. The closeness of 
the fit between the other two cross section calculation 
methods is evident from this figure.
2.6.5 Logarithmic Interpolation from Nefedov’s Tables
A series of photoionisation cross section tables has 
been compiled by Nefedov and co-workers for Mg and Al K a
and Au Ma and Ag L a  XPsl^^ These were computed 
using a relativistic Hartree-Focke-Slater potential model 
with an accuracy of 0*5%. The measurements For Au Ma and 
Ag L a  XPS were limited to the first 30 elements of the
periodic table and so this work could not be used as a
final body of data, but as an independent comparison for 
these elements.
A logarithmic regression analysis was performed on the 
Is, 2s, 2p and 3p levels at 1739•4eV photon energy using 
Nefedov’s Mg and Al K a ,  Ag L a  and Au M a  cross sections.
The quasi-exponential fall in the cross sections with 
increasing photon energy for the Is subshell is shown in 
fig. 2.24, using Nefedov’s data. Plotting lna versus In E^v 
(fig. 2.25) gives a linear plot from which the regression 
analysis can be performed. A maximum error of + 1% in the 
interpolated values would be expected from the non-linearity 
of the In - In plot. This is an order of magnitude lower than 
that obtained in the experimental data, and since Nefedov’s 
tables (used to generate these results) were incomplete, 
the results are only used as a confirmatory set of data.
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2.7 Comparison of Theoretical Cross Section Calculations
The linear extrapolation of Scofield’s Mg and Al KOC 
cross sections as used in ref. 2 , will be in error by an 
amount inversely proportional to the value of the cross 
section. This is due to natural weighting of the higher 
cross sections by the linear regression analysis method. 
Negative cross sections are encountered for H, He, Li and 
Be Is subshells (fig. 2.43) by this method.
Nefedov^BB  ^ supplies a general expression for the 
cross section a ass-
2L+1 ) Q ^ - L Q ^ +(L+l ) Q ^ L_1-2yLTLTT)Q1
where a is the fine structure constant 
k is the photon energy 
Hence a is linearly dependent on photon energy, however:
^ 1  jL A = ^ 1 A  +B^ 2 A  and B independent of k)
where and ^2 A are rac^-a-*- integrals dependent, inter alia,
on the photon energy k, so causing the errors in the linear 
extrapolation method. A comparison of the four different 
methods follows.
The logarithmic extrapolation of Scofield’s data (table 2.1, 
has given the most complete list of cross sections for Si KOC 
XPS. Weighting errors have been reduced by at least an 
order of magnitude and the cross sections cannot become 
negative.
Cross sections for most subshells can be calculated
( 7 3 )
from Me Master’s x-ray absorption datav ’ and for the Is
subshell show a very close agreement with the log extrapolation
of Scofield’s data, and by interpolation of Nefedov's data
(fig. 2.26). For higher subshells a systematic difference
between the x-ray absorption derived cross sections and the
other methods occurs; it can be shown that this systematic
difference is large for the combined 2 p^ an<3 2 p^ subshells,
but it reduces when only the 2p^ subshells are compared. This
suggests that the 2 px has a greater error associated with it.
•12
There are two likely sources of error in the x-ray 
absorption method. Firstly the absolute total cross sections
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for each shell as determined by the x-ray absorption method 
are greater, except for the Is shell, than those determined 
by other more sophisticated methods. Consequently all 
subshell cross sections calculated relative to F Is will be 
larger by the same factor. The reason for this anomaly is 
the overestimation of the x-ray absorption cross section due 
to the photoemission process, at the expense of other 
processes, such as inelastic scattering and elastic scattering 
by the Compton recoil effect. As an example the total L 
shell photoemission cross section from P (Z=15) is 21•618kbarns 
by x-ray absorption measurements but 20*702kbarns from 
Nefedov1s data and 19*671kbarns from Scofield’s data.
The second source of errors comes from the values of
the Jump ratios which do not divide the total cross section
into the individual subshells with sufficient accuracy. For
example the ratio of 2s:2pb1 for Z=12 is 0*156 by the
x-ray absorption method, 1*77 by Scofield extrapolation,
(2 )2*01 by Nefedov interpolation and 1*60 experimentally; '
The massive error in the x-ray absorption method Jump ratios 
is partly due to the assumption that the cross section 
ratios at the photon energy are the same as at the relevant 
absorption edges, which are known to be complex phenomena, 
as investigated by EXAFS.
Logarithmic interpolation of Nefedov’s data gives 
results very close, if not identical to those from the 
logarithmic extrapolation of Scofield’s data. From 36 cross 
sections from the Is, 2 p and 3p subshells of the first 30 
elements the mean difference was found to be 2*7%. The 
correlation coefficient R for the 36 cross sections between 
the modified Scofield and the Nefedov results was 0*9994, 
while for the Is subshell alone it was 0*9999 (fig. 2.26) 
confirming the accuracy of these results.
It is unfortunate that Nefedov did not compile longer 
lists of cross sections in Au Ma and Ag La x-rays since 
interpolation of these results to Si Ka may well be more 
accurate at the ends of each cross section range than 
extrapolation of modified Scofield data..Nevertheless the fit 
between Nefedov and Scofield is so close that the modified 
Scofield cross sections (table 2.12) are used here for all 
future calculations for Si K q XPS.
2.8 Anisotropy in Photoemission
Fig. 2.27
N
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The intensity of a photoelectron peak per unit solid angle 
depends on the angle Y between incident photon and emitted
electron (fig. 2.28). This distribution is expressed as
°nl ^ C ^ ( 1  - Pnl ^ £ ^ ( cos Y ) )
... 2
LA (Y)
(77)
donl(£ ) = CT (£)
d Q 4 tt
where P2 (c o s Y) = %(3cos
Now since d<W e> = CTnl(£)
d Q 4 tt
It follows that:
La (Y) = 1 + %p(3/2sin Y-l) Equn. 2.11
where L. is the asymmetry factor.
The instrumental angle Y between the x-ray source and the 
analyser entrance varies widely with instrument and 
manufacturer. For the case of this work, on a V.G. ESCA III
mk. 2 , this angle has been determined to be 100-61° and not
o (43 ^105 as stated by Seahi '
The calculated values of the angular parameter (3 were
(78 ^listed for Mg and A1 Ka by Reilman et all ’ Apart from 
the s subshells which have p=2 , the value of the angular 
parameter varies from 0 * 2  to 1 - 8  for all other subshells.
The values of P are also dependent on the incident photon 
energy since they depend on the wave functions involved in 
the photoabsorption process. A preliminary study^ simplified 
the determination of the asymmetry factors for Si Ka XPS 
by using p=l-5 for all p levels and p=l-25 for all d levels. 
After incorporating the asymmetric function, a linear 
regression analysis of a fit of the experimental data and
unmodified A1 Ka Scofield cross sections gave values of 
M = 1*065, C = 0*002, R = 0*99 which were much closer to 
the theoretical values of M = 1*07, C=-0*06 than the values 
M =5 0*970, C = 0*024 of the uncorrected cross sections. It 
is obvious that the asymmetry function is important in 
accurate comparison of experimental peak intensity 
measurement with theoretical cross section data, since it 
can have a strong influence on some peaks compared to 
others.
Despite the lack of angular parameter data for Si Ka 
x-rays, it is possible to determine the correct values by 
logarithmic extrapolation of Reilman's data:-
lnB^- = ^ln^Al ln^Mg ^ (In .-lnex, ) + lnP*„FSi Ti------i— ; Si Mg' rMg(In £ A . —In£ ) ^ ^v A1 Mg'
lnPsi = 1*92116 In pA1- 0*92116 lnpMg
The logarithmic extrapolation approach is justified since 
the same Hartree-Slater wave functions as used for the 
calculation of cross sections by Scofield and Nefedov are 
used here. The values of the angular parameter p(e) and 
asymmetry factor LA (Y) are listed in table 2.16 and 
plotted in fig. 2.28.
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Table 2.13 ANGULAR PARAMETERS & ASYMMETRY FACTORS FOR Si XPS 
lnPsi = 1*92116 m p A 1  - 0-92116 in PMg
La (Y)= 1 + %p(|sin2 Y - 1)
z P la (y ) Z P LA(Y)
5 2 p 0 720 1 • 162 35 4p 1 563 1 351
1 0 0 624 1 *140 40 1 612 1 362
15 1 0 2 1 1-229 45 1 661 1 373
2 0 1 314 1-295 50 1 690 1 380
25 1 460 1-328 55 1 700 1 382
30 1 543 1-346 60 1 709 1 384
65 1 709 1 384
15 3p 0 981 1 - 2 2 0 70 1 708 1 383
2 0 1 219 1-274 75 1 6 8 8 1 379
25 1 377 1-309 80 1 687 1 379
30 1 484 1-333 85 1 658 1 372
35
A A
1 562
ZL *1 A
1-351
-f . O Zl1
90 1 670 1 375
40 1 610 • 1 * 3ol
45 1 629 1 • 366 40 4d 1 107 1 249
50 1 637 1-368 45 1 194 1 268
55 1 6 6 8 1-374 50
r~ rr
1 253 1 281
55 1 311 1 294
25 3d 0 770 1-173 60 1 330 1 299
30 0 928 1-208 65 1 249 1 303
35 1 064 1 • 239 70 1 348 1 303
40 1 133 1-254 75 1 279 1 287
45 1 191 1-267 80 1 309 1 294
50 1 228 1-276 85 1 283 1 288
55 1 241 1 • 279 90 1 272 1 286
60 1 276 1 • 2861
70 4f 1 050 1 236
80 5d 1 •369 1-307 75 1 049 1 236
85 1 •388 1-312 80 1 058 1 238
85 1 048 1 235
2.9 Determination of Instrument Transmission Function
2.9.1 Introduction
The signal recorded by a spectrometer from a 
photoelectron peak can be described by: 
tt 2 rr /* j# —Co
where dV = dzdxdy
Comparing two peaks from the same spectrum allows a 
simplification of this equation. For a binary compound A B , • 
where surface roughness and spectrometer detector terms 
cancel:
X La (Y) G(Ea ) N X (Ea )
--------- -------------- Equn. 2.12'A
B aBLBW  g (eb> nb W V
where Gz are the photoemission cross sections
L: are the asymmetry functions
G: are instrumental acceptance functions
N: are the atomic concentrations
X: are the inelastic mean free paths
However A
5B
A
B
Equn. 2.13
where S., S are sensitivity factors A B
Rearranging 2.12 and substituting from 2.13:
SA ° B L B ( Y ) G ( E a ) xa b ^ e a ^
SB " A l a ( Y ) G ( E b ) ^ a b  *■ Ee '
Equn.2.14
(43)This method was used by Seahv to evaluate reference 
data sets from a wide range of instruments and experimental 
conditions. The resultant plot gives the energy dependence 
of the product GX, with the matrix dependent terms in 
separated out onto the left side. It can also be interpreted 
as the separation of intrinsic (LHS) and extrinsic terms 
(RHS) from the intensity equation (2.12).
The sensitivity factors S are those obtained from the 
experimental work in Si Ka (tables 2.9 and 2.10), the
photoemission cross sections a from the modified Scofield 
values (table 2 .1 2 ) and the asymmetry factors L from the 
modified Reilman calculations (table 2.13).
2.9.2 Results
The calculations of GX are listed in table 2.14, and 
plotted in fig. 2.29, as a function of the kinetic energy 
of the photoelectrons.
From fig. 2.29 it can be seen that for the V.G. ESCA 
III mk.2 running with Si Ka x-rays on powder homogeneous 
samples at optimum instrument transmission (lOOeV pass 
energy and 4mm slits) then:-
GA = const. (+0*15, ET=0 - l*5keV) Equn.2.15K
+0•2,(1•5keV< Er<l-8 keV)GA = 4-35Ek -5-52
Equn.2 . 1 6
The results are important as they show how the ESCA III
mk.2 behaves at its optimum sensitivity setting. Vulli and
Starke using a V.G. ESCA III at a lower sensitivity
produced data which followed similar trends when it was
(43 )investigated by Seahi ' Likewise Seah’s treatment of data
by Jorgensen and Berthou^^^ W a g n e r ^ ^  Nefedov^^’^ ^  and
Evans et al.' ' working in the constant retard ratio mode,
gave similar plots although usually with a wider scatter.
(79)Hall et ali ‘found that, for the Hewlett-Packard instrument 
over the kinetic energy range 900 - 1500eV, the product GA 
is also approximately constant, even with an analyser lensf^
2.9.3 Discussion
The instrument transmission G is the product of the 
area analysed and the transmission function, T. Theoretically 
the analyser transmission function varies inversely with the 
electron kinetic energy E from the electron optics
v. • i (80)brightness law; '
= constant
where B is the photometric brightness of the sample per
unit solid angle per unit area
U is the potential of the electron
(8 1 )Helmer and Weichert' ' developed the theory for 
pre-retardation in ESCA concluding that: G = k E _ 1  (Equn.2.17)
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Table 2.14a DETERMINATION OF THE INSTRUMENT TRANSFER FUNCTION GA
PEAK K.E. S.F. » s XcA (kbarns) La (Y) 1 aRLR
Li 1 s 1684 0  • 0 2 0-430 1 449 1-8469
B 1 s 1551 0* 13 4-030 1 449 1•2809
C 1 s 1455 0* 23 8-555 1 449 1-0675
N 1 S. 1337 0 • 40 15-871 1 449 1•0008
0 Is 1207 0 * 6 8 25-558 1 449 1-0560
F 1 s 1054 1 - 0 0 39-708 1 449 1 • 0 0 0 0
Na 1 s 667 2*03 77-533 1 449 1-0397
Mg 1 s 434 2*73 101-236 1 449 1-0708
i—
1 
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This law (equn. 2.16) will only be correct if all the 
apertures and slits between the sample and detector are 
always filled with photoelectrons originating from the
sample. For the ESCA III mk.2 the acceptance angles are
o . o (43)radially + 6  and tangentially +70 ; 1 In the tangential
direction the entrance slit is also large, so that below
a definite level of retardation the electrons from the
sample in that direction will not be able to fill the
acceptance angle, and the transmission G then becomes
independent of electron energy in that direction.
G = k E 2
A = C E^
GA = Ck'
GA = constant
This change in the transmission function is found to 
occur at 1500eV, and below this G A is constant. The 
transition point will vary with the experimental parameters:
1) X-ray irradiated sample size
2) Entrance and exit slit sizes
3) Analyser pass energy
Hence these results would only be obtained from a 10mmx13mm 
sample, 4mm slits and lOOeV analyser pass energy.
2.10 Analyser Transmission
Fig. 2.30 ESCA III mk.2
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Since(48) 
then
i.e.
The photoelectrons emitted from the sample are refracted by 
the retarding field between the grids, in the two orthogonal 
directions i=l and i=2 (fig. 2.30) as determined by:
keep the acceptance angle ijr fixed, to fill the apertures.
acceptance length as determined by T]^  and S (fig. 2.31) will 
become greater than the dimension of the sample in that 
direction, and the intensity will fall below the predicted 
value.
Fig. 2.31 (After ref. 43)
Perpendicular to Slits (i=l)
The acceptance angle is limited in this direction by 
the radii of the hemispherical analyser (fig. 2.32).
2 2 E.sin Ti . = E sin d;. i = 1,2A 'i p Ti 7
As the ratio of to decreases through the spectrum
sweep, the angle of incidence r)^ will increase in order to
V
a .
i
R
0*095 radians
o
As the sample width a^ analysed is given by: 
a^ = 2S tanT^ + w 
then = 2S sinr^ +co^ as T]
so
1 max 1 max Equn. 2 . 1 8
Parallel to Slits (i=2)
The acceptance angle limit in this direction is
is determined by the reduced hemispherical section 
incorporated in the ESCA III mk.2 (fig.2.32)
0/ = 41*8° = 0*73 radT 2  max
as with i=l
a = 2S i p sini|> + Equn. 2.19
2  max 2  max 2  ^
Fig. 2.32 EXTREME PATHS TAKEN BY ELECTRONS AROUND THE 
ESCA III HEMISPHERICAL ANALYSER
Outer Hemisphere
Electron
Trajectories Inner Hemisphere
|70
Retarding Field Analyser
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Substituting in equations 2.18 and 2.19 the following values 
u> =4mm; u) =10mm; S=8 mm; E =100eV; it is possible to
1 2  p ^
determine the sample area that must be present for all 
apertures in the analyser to be filled, as a function of
the electron kinetic energy E. . The results are tabulated 
below (table 2.15) for energies from lOOeV to 1700eV.
Table 2.15 ORTHOGONAL ANALYSER ACCEPTANCE ANGLES & ANALYSED 
SAMPLE DIMENSIONS
E(eV) 1l1 (rad) a^(mm) ^(rad) a2 (mm)
1 0 0 0*0140 4* 224 0* 6669 2 2 * 6
300 0*0081 4* 130 0*3850 16*5
500 0*0063 4*101 0*2982 14*9
700 0*0053 4*085 0*2521 14* 1
900 0•0047 4*075 0*2223 13*6
1 1 0 0 0*0042 4*067 0 * 2 0 1 1 13*3
1300 0*0039 4*062 0*1850 13*0
1500 0*0036 4*058 0*1731 1 2 *8 .
1700 0*0034 4*054 0*1617 1 2 * 6
The width of the sample in the direction perpendicular 
to the slit (a^) that is necessary to completely fill all 
apertures is never greater than 5mm for the kinetic energy 
range considered above (table 2.15). As the sample width 
in this work was always 1 0 mm, the instrumental brightness 
conditions were always fulfilled in this direction.
Fig. 2.33 VARIATION OF ACCEPTED DIMENSION a2  AS A FUNCTION
OF KINETIC ENERGY
eV)
The dimension of acceptance, a^, parallel to the slit 
spreads out to a large value at low kinetic energy, as can be 
seen from fig. 2.33. As the area uniformly irradiated by the 
x-ray flux is limited to the dimensions of a conventional 
sample, it is not possible to fill all the apertures in the 
analyser in the a^ direction, for electrons with energies 
below 1500eV. The signal in the a^ direction will be 
independent of electron energy under these conditions (see 
fig. 2.34 below).
Fig. 2.34 ENTRANCE SLIT
X-RAY FLUX
HIGH K.E.
LOW K.E.
The constancy of the normalised peak intensity over the range 
0-1500eV can be described in terms of the constancy of volume 
of sample from which photoelectrons are measured. At low 
kinetic energies the area measured is high, but the 
inelastic mean free path (IMFP) is short, while at high 
kinetic energy the area analysed is smaller, but the IMFP 
is larger
Fig. 2.35
LOW K.E. HIGH K.E.
(XL > XH exagerated)
2.10.2 Instrument Transmission Function at High Energy
The plot of G\ as a function of kinetic energy above
1500eV, shows a quasi-linear increase with K.E. (see fig.
2.29). This is not the E 2 dependence expected from theory,
(43 )however, it is observed in Seah»s treatmentv ' ' of data
published by Jorgensen and Berthou^5  ^ Nefedov'^^^ and
/ Q2)
Vulli and Starke; * ' This can not be an instrumental
phenomenon as it occurs in all types and makes of instruments
additionally the sudden increase takes place only from a K.E.
of 200eV to OeV below the photon energy. Thus by changing
x-rays, the shape of the GA plot in this region would be
observed to shift by the difference in x-ray energy, and
this has been highlighted by the use of Si Ka x-rays.
One possible cause of this trend could be a systematic
error in the theoretical cross sections as determined by
(78 )using Hartree-Slater wave functions. Reilman et all ' state
that large errors can occur when a has a minimum due to ^ nl
vanishing matrix elements, for example in the valence band 
and near valence subshells. How large the errors are, and 
over what range they occur is not certain. Experimentally, 
since many subshells in this low binding energy region have 
low cross sections, errors may be made in their measurement; 
this cannot, however, explain the systematic rise in the 
GA factor at this end of the spectrum, that is found in the 
results of many workers.
The experimental sensitivity factors for Si Ka XPS 
that were determined and listed here in tables 2.9 and 2.10
are considered to be more accurate than the values obtained
from most of the other studies to date. Over the electon 
kinetic energy range from lOOeV to 1500eV, the scatter
about the GA line is only 10*6% compared to 15% for
Nefedov et al 1 s data^^ ’ ^  1 and 16% for the NPL 
measurements from nine metalsl^^
2.11 Summary
2.11.1 Si Ka X-Ray Source
A new x-ray source based on an epoxide bonded Si 
wafer anode and thin quartz window was developed for use 
in Si Ka XPS with a commercial spectrometer.
2.11.2 Results from A1, Ni and Au Metals
Si Ka XPS is most valuable in the study of A1 because 
of the increased sensitivity and chemical information. Al~0od z>
on A1 and 4% A1 brass were studied. Au was used for 
calibration. The minimum measured XPS FWHM was l*20eV,
indicating an x-ray linewidth of 0*9eV. The shape of.the 
x-ray line was determined and the x-ray satellites found to 
be smaller than those in Mg Ka or A1 Ka x-rays.
2.11.3 Results from Standard Compounds
A special inert atmosphere glove chamber was developed 
for use in the Si Ka XPS peak intensity study of standard 
compounds, some of which were air sensitive. Special care 
was taken in the measurements fors
Sample Surface contamination avoidance;
Peak overlap identification;
Chemically altered surface layers avoidance; 
Adequate and constant sample size;
Uniform sample roughness;
Adequate spectrum counting statistics.
The peak heights and areas of 110 subshells from 45 
elements were measured and compared with those of the F(ls) 
subshell.
CHAPTER 3 Zr La FHOTOELECTRON SPECTROSCOPY
3.1 Introduction and Background
3.1.1 Introduction
The excitation of photoelectron spectra from silicon
and aluminium compounds by Zr L a  x-rays (hv = 2042*4eV)
has the advantage of generating both their Is subshells
(3 4)and KLL Auger series;
After observing the enormous improvement in studying 
A1 compounds, by using Si Ka XPS, it was thought 
worthwhile to investigate an x-ray source that could be 
used to study Si and its compounds. The most promising 
x-ray sources would be those generating a strong peak 
above 2000eV; Zr fulfilled this requirement. A Zr L a  
source fits well with the Mg, A1 and Si K a  series of photon 
energies, and is a more suitable anode material than 
phosphorus, the next element in the K a  series.
This chapter considers the fabrication, calibration 
and characteristics of Zr L a  x-rays as a source for XPS.
A detailed study is then made of A1 and Si metals, oxides 
and aluminosilicates, specifically to investigate their 
Auger parameters. Comparative trends between A1 and Si 
Auger parameters are used to indicate the surface chemical 
states of the two elements. To begin with, the earlier 
uses of Zr L a  x-rays for photoemission studies are 
investigated and the literature on the conventional XPS 
of silicon compounds reviewed.
3.1.2 Previous Zr L a  Photoemission Studies
The only known previous studies using Zr L a  x-rays 
were made by Krause and Wuilleumier for specific photo­
ionization and photon emission studies.
The L x-ray emission spectrum of Zr was indirectly
(851studied by photoelectron spectroscopy; ' The Zr x-rays 
were generated by 9keV electrons and then converted into 
Ne Is photoelectrons by interaction with Ne gas. The 
photoelectrons were then dispersed in an electrostatic 
analyser, and the resultant spectrum could be regarded as 
the Zr L a  spectrum since the Ne Is subshell has properties
approaching those of a delta function.
Fig. 3.1 Zr L X-RAY EMISSION SPECTRUM RECORDED BY 
PHOTOELECT RON SPECTROSCOPY^ 8  5  ^
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The natural linewidths of the Zr L x-rays were derived 
from the observed widths by deconvoluting the Gaussian 
instrumental profile and the Lorentzian shape and 0*3eV 
width of the Ne Is subshell. The positions, widths and 
relative intensities of the major spectral features (table 3.1) 
show that the dominant peaks are the La^(2042•4eV) and Lp^ 
(2124*4eV) lines.
Table 3.1 MAJOR LINES IN THE Zr L EMISSION SPECTRUM
LINE ENERGY(eV) WIDTH 
(FWHM,eV)
RELATIVE
INTENSITY
L a 2
2039•9 *
1*7
f 1 1 * 0
L Q 1
2042*4 * * 1 0 0 * 0
L Pl 2124*4 2 * 0 47*5
L Pb 2171*2 6 * 1 0*9
l P4 2187*3 5*9 3*5
l P3 2 2 0 1 * 0 5*5 5*5
l p2 2219*4 6 * 5 1 * 6
The same experimental arrangement was later used by 
Wuilleumier and Krause^88  ^ to study the photoionization 
of Ne with photon energies between 100 and 2100eV. Zr La
x-rays were the highest energy photons of the 16 lines
from 14 sources that were used in this work.
More studies in XPS with Zr x -rays have been made to
date using the Zr M£ line (hv = 151*4eV)^^ An early
solid sample to be studied by this soft x-ray was the
. (91)oxide layer on Si' ' specifically for the identification
of an SiO^ interface species. The general utility of Zr M£
for surface studies was later shown by Hirsch and
Leonhardt(^) using a V.G. ESCA III. They investigated
the Cu 3p and valence band, indium oxidation and the
reaction of Si with NH0. The Zr source was made on one side ■
of the conventional anode with the other side coated with
Al. Both Zr evaporation and the mechanical fixing of a
solid Zr plate were tried. Under operation the evaporated
Zr film disappeared, while the Zr metal plate melted but
remained clean. So, to optimize the M£ output and anode
lifetime, the x-ray source was run only at 60W (6 kV, 10mA).
The best window material used was a carbon film supported
by a fine gold mesh. Despite the width of the Zr M£ line
being only 0 * 7 7 e V ^ ^  the widths of core levels obtained
with this x-ray were found to be about 0*3eV broader than
in Al Ka XPS. The main advantages however of this radiation
for XPS were a higher surface sensitivity and the absence
of interfering satellite lines.
Silicon compounds were studied subsequently by Zr La
XPS because of the expected enhancement in information
(3,4)
compared to conventxonal XPS.
3.1.3 Investigations of Core Level Binding Energies from 
Silicates by Conventional XPS
a) SILICON 2p, 2s
Comparatively little work has been published on the
core electron binding energies of silicon compounds perhaps
because of the limited chemical shifts, the low peak
intensity and especially the problem of charge referencing.
The most accurate data available on the binding energy of
Si 2p from Si compounds is listed in table 3.2 (pages 82,83).
(92)Nordberg and co-workers' ' reported at an early 
stage the Si 2p binding energies of 16 inorganic and
organometallic compounds. Their study was aimed towards
investigating the effect of nearest neighbours on the 2 p
peak position of the central Si atom, and then comparing
the result with theoretical predictions. Problems with
charge referencing were encountered despite the application
of the graphite admixture technique. Most of the Si 2p
positions lay in a band between 102eV and 104eV and were
independent of the charge on the Si, as calculated from
e le c t r o n e g a t i v i t i e s .  The p re s e n c e  o f  piT - dn b a c k -b o n d in g
on these compounds acts as a feedback mechanism for charge
from an electronegative ligand back to the Si, and so acts as
a control of the 2p binding energy. The amount of back-
bonding could be gauged from the difference between the
charge dependent value, and the measured 2p position. It
was found that a leV difference was equivalent to 0*2
electrons involved in the pn - dn bonding. The amount of
2-feedback was found to increase with the numbers of 0  
ions as nearest neighbours, although there was a reduction 
with increase in the length of the Si - 0 chain.
One of the earliest comprehensive studies of core 
level peak positions of silicate minerals by XPS was made 
by Adams, Thomas and Bancroft.^ ^  They measured the 
positions of Fe(2p^, 2 p 3 s ,  3p^) , Mg(2s), Al(2p), Si(2p) 
and 0(ls) from ten silicate minerals. These absolute 
binding energies were determined by one of four different 
methods, and so would be best compared within each group, 
despite the claim that errors had been reduced by 
standardization.
Hedenbergite R6955:(CaFe[si^O^J ) and Epidote 13575
(Ca2 (Fe,Al2 [0 0 HSi0 4 Si2 0 7] ) were standardized by the gold
decoration technique, with Au 4f^ taken as 84*0eV (+0*3eV).
Hedenbergite 103182 and 2B, and Crocidolite 93720
(Na0 Fe0 Fe„| (0H,F)Si .0--1 0)were standardized with the O- 
Z o Z L 4  1 1 J Z I S
peak as 530*8eV(+0*7eV). Enstatite (Mg2[ S^O^J ) , Hedenbergite 
R6955 and Anthophyllite ((Mg , Fe )^[oH jSi^O^^] 2) were 
standardized with C^ - as 284*6eV(+0«5eV). For Albite 
(NaAlSi^Og) and Garnet ((Mg,Fe)3 Al 2 (Si04 )3 ), Si 2  was defined 
as 102*OeV from the mean value obtained from samples 1-8, 
and so for these two, no s^2 p value is given.
It is difficult to compare these results apart from
noting that within experimental and calibration accuracy
neither the Fe peaks, nor the Si 2p or Mg 2s peaks changed
significantly with the minerals investigated. A small
difference in the Al 2p binding energy in albite (Al
tetrahedral) and garnet (Al octahedral) was observed, but
with little confidence.
(93)Perry and Jollyv 7 measured the Si 2p values for a
(94)series of gas phase silanes, while Morgan and Wazerv 7 
compared the binding energy shifts for the group IVa 
elements in similar compounds. Conversely, Prins^1^^^
studied the spectra and structures of the oxyanions from
.4- - (93)SiO^ to CIO^. Perry and Jollyv 7 correlated chemical
shifts with different theoretical charge distributions,
and because they used gas phase samples found no requirement
t o  in v o k e  p n  - dn b o n d in g . Prins fo u n d  t h a t  tt b a c k b o n d in g
in oxyanions associated with the and central cation 3d
2P
orbital increased with atomic number of the cation.
A large study of the Si 2p binding energies in 33
organosilicon solid compounds was made by Gray, Carver and
(95) . .Hercules; '■ Experimental binding energies ranged from
100*7eV for (CH0 )„Si to 103-leV for (C0 H_)SiCl~. These v 3 74 v 2 5 7 3
energies correlated with the partial atomic charge
(93)calculations using various theoriesv 7 and group shifts
were proportional to those in C and P compounds. There was
no discussion of the chemical bonding in these compounds,
so more interest has been taken here in a number of smaller
studies on silicate minerals (table 3 .2 ).
The Si 2s peak from 7 silicates was studied by
(96)Clarke and Rizkallav 7 and then correlated with the 
charge on the Si and the ionic character of the Si - O 
bond. They calculated the net charge on Si by:
qA = °A + a W a b  Equn. 3 . 1
where Q. is the formal charge on A and
Jab = 1 -  e x p [ - 0 - 2 5 ( X A - X B ) 2 ]  Equn. 3 . 2
where X and X are the Pauling electronegativities''*'^^
Similar linear correlations were observed for the CLIs
binding energy.
A statistical study of the Si 2p peak from over 50
l 9 7 )
specimens was carried out by Carriere et al: ' and four
well defined peak positions: 99*2eV, 102*leV, 103*OeV and 
104*OeV dominated the values obtained. These corresponded 
to the element, metallic alloys, silicates and glasses, 
and silicon dioxide respectively.
The ASTM study of silica, alumina and a zeolite 
by 2 0  laboratories showed only a poor level of agreement 
for insulating samples' measured with different instruments. 
The mean values obtained in this test were:-
Si 2p : 104*0 + 0*5eV (SiO^), 101*8 + 0*3eV (zeolite
Al 2p : 74*7 + 0•6 eV(Al^O^), 73*9 + 0*3eV (zeolite
The spread of these results should be remembered when using
reference data, especially from earlier papers. Comparison
of the data in table 3.2 will highlight this spread.
Improvements in the accuracy of peak measurement in
XPS have lead to a greater confidence in published results
(124)and the data supplied by Wagner et al! ' confirms this 
recent optimism. All the line energies in this paper, 
from some 36 insulating aluminosilicates, are listed to
lOmeV resolution. The ubiquitous(adventitious) carbon Is
peak was set to 284*60eV for referencing, despite the 
authors’ appreciation that 284*80eV (as found by Bird and 
Swift^1^^ )  was a more accurate value.
Comparison can be made between this latest data and 
earlier publications (in table 3.2). Systematic errors can 
be seen in the earlier works; the Si 2p values by Schultz 
et al.^1(^ )  being generally too high, while those of Adams 
et a l . ^ ^ ^  and Urch and M u r p h y a r e  too low. The 
ranges of binding energies of silicate Si 2p from the 
other papers studied fall within the narrow limits of 
102*OeV to 103*5eV for a very wide range of structures.
This indicates that even if care is taken in determining 
the accurate Si 2p binding energy from an unknown silicate 
chemical state determination cannot be uniquely determined 
by this means.
b) OXYGEN Is, ALUMINIUM 2p, IRON 2p
Authors investigating the XPS of silicates have often 
disagreed, not only about their results, but also about
Table 3.2 PUBLISHED BINDING ENERGIES OF Si 2p PEAKS FROM 
SILICATES
REFERENCE (No.) SAMPLE BE(2p) (eV)
R. Nordberg et Na 2 S i F 6 107 •4
al. 1970 (92) (H 2 Si2 ° 6 > 104 2
sii4 103 8
Ab initio (SiO) 103 5
calculations (sis2) 103 1
performed. (Si02) Quartz 103 0
£(CH^)^SioJ 2  Siloxane liquid 1 0 2 8
see Note 1 (C6 H5)3SiOH 1 0 2 4
(C6H5>4Si 1 0 2 4
SiB4 1 0 2 4,99* 2
Zn 2 Si0 4 1 0 2 2
(SiC) 1 0 2 2,99.2
( N ^ i O s J n 1 0 2 0
(C6H5)2S± ^OH ^ 2 1 0 1 9
(SiN4 ) 1 0 1 8
(C10H5)3SiSi(c6H5 )3 1 0 1 3
Si 99
Adams, Thomas, Ca(Mg,Fe)[ Sio0A] Hedenbergite 1 0 2 • 1
Bancroft. 1972 Na2F?3 Fe2 [Sl8°22- (01^  2Crocidolite 1 0 2 •4
(1 0 0 ) CaFe +A1 OOH Si O Epidote 1 0 1 • 8
(Mg,Fe^+ )[SiCLj Enstatite 1 0 2 * 0 (+0 •5)
see Note 2 ^g,Fe)7 [si8 022J (OH, F) 2Anthophyllite 1 0 1 9 ( + 0  * 5)
Huntress and Lunar Breccia 10086 103
Wilson. 1973
(101) see Note 3
Morgan & Wazer K 2 S i F 6 104 8
1973 (94)
S i 0 2
103 9
SiS2 103 6
see Note 4 (C6 H5 )4Si 1 0 0 9
Si 99 1
Anderson and Al_SiO_ Kyanite 103 0
Swartz 1974 (103) Al SiO^ Sillimanite 1 0 2 8
see Note 4 Mullite 103 2
Koppelman and M910A12^Sl6A12^°20 (OH) ^Chlorite 1 0 2 1
Dillard (106) KA1 (Si A1)0 (OH) 4  Illite 1 0 2 5
see Note 5 Al4 Si4 0 1 Q (0H)q Kaolinite 1 0 2 7
Table 3.2(contd.) PUBLISHED BINDING ENERGIES ...
REFERENCE (No.) SAMPLE BE(2p) (eV)
Urch & Murphy KAl^Si^AlgO^](OH,F)4Microcline 1 0 1 • 8
1974 (102) CaAl_Sio0o Anorthite
di di i3
1 0 1 7
Al^SiO^ Sillimanite 1 0 1 7
see Note 5 Mg3 Al 2 Si3 0 1 2  Pyrope 1 0 1 6
Al 2 Si0 3  Kyanite 1 0 2 4
CaoAloSio0_ _ Grossularite 
o d 3 1 d
1 0 1 7
Schultz, Vesely Si° 99 0
Langer 1974 (107) Si0_ (HP) Coesite 104 3
Si02  Cristobalite 104 4
see Note 3 Si02  (HP) Keatite 104 5
Si0 2  a-Quartz 105 2
Al^[SI^O^q](OH)q Kaolinite 107 4
KA1 Jsi^A l202QJ (OH , F ) 4  Muscovite 108 3
KA lJsi?A1022] (0H ) 4  Illite 109 3
NaAl .Sio0o/~(0H ) A • nH00 Montmor 
4 o d  U 4 d
1 1 0 0
Wagner, Six Si 99 2.4
Jensen, Taylor
S i 0 2
103 23
1981 (124) Mg3 Si4 0 1 1 *H20 Talc 1 0 2 93
CaSi0o Wollastonite
o
1 0 2 16
see Note 3, but Zn SiO.*H 0 Hemimorphite
dZ dZ
1 0 1 76
using 0550 Al 2 Si03  Sillimanite 1 0 2 44
instrument Al 2 Si2 0^•2H20 Kaolinite 1 0 2 78
Al2 Si4 0 1 1 *H20 Pyrophyllite 1 0 2 6 8
LiAlSi2 0^ Spodumene 1 0 2 26
KAl3 Si3 0^^*H20 Muscovite 1 0 2 16
Na_AloSio0.. • 2Ho0 Natrolite 
dZ dZ j  iu  dZ
1 0 2 0 2
NaAlSi0 0 0 Albite 
3 o
1 0 2 - 0 2
NOTES:
1) Graphite added to sample used for ref erence; C ^ =  283*0, as 
well as C^s= 286*0 from pump oil. Mixture analysed on tape 
or pressed into brass mesh.
2) Au 4fnn = 84* 0+0 • 3eV; O, + 530*8; C, = 284*6; :Si0  = 102*0.J Hi — Is Is 2 p
AEI 1 0 0
3) C^j=284*6eV; crushed sample; Varian VIEE
4) C^s= 285eV(contamination); M&W with Varian IEE5, A&S with 
Me Pherson ESCA 36
5) Au 4f? / 2 = 84*0; V.G. ESCA III
the interpretation of their results. An early correlation
of the 0 Is peak position with Si - 0 bond length in
i ^  ( 9 9 )  .. n . . ( 1 0 0 )olivines and pyroxenes' ' was soon disclaimed; '
Similarly Adams et al?-^ ^ refuted the conclusions of an XPS study
of lunar b r e c c i a ^ w h i c h  suggested that Fe2* and Fe2+
were distinguishable in silicate minerals.
The Al 2p core level peak position from aluminosilicates
was correlated with Al - 0 bond length by Urch and Murphy
but this was queried by Anderson and Swartz^1^ ^  who also
concluded that XPS could not distinguish between Al atoms
in different co-ordinations.
Despite these controversies, progress has been made in
several areas of conventional XPS on silicates 1  ^ With
recent improvements in instrumentation and sample handling
techniques, greater confidence can be placed in the later
results.
Stucki et a l i ^ 4 ) showed that Fe 2p binding energy 
values from iron bearing clay minerals could be linked to 
the Fe's oxidation state. The adsorption of metal ions 
on clay minerals has been successfully studied by Koppelman
^ t ( 1 0 6 , 1 1 2 - 1 1 6 )  . . A . . _ ( H I )  u  ^  .et al; ’ and by Adams and Evans' ' who found
that the cation exchange capacity of beidellite following 
K-, Pb- and Ba exchanges were 50% greater than expected and 
that this excess was concentrated at the surface of the 
clay particles. Koppelman and Dillard sequentially studied 
by XPS the adsorption of a wide range of cations onto clay
2+ 2-f- (2.12)
minerals, including Ni and Cu ions', ' Co(H2 0)^ and
Co(NH^)1" ions^112  ^ Cr2+ ions^114  ^ Cr(NH~)2+ and Cr(en)2+
(115) 2 +(en=ethylenediamine) ions' 1 and Co on  calcined cobalt- 
kaolinite materials(^^^) The adsorptions were mostly on 
chlorite, illite or kaolinite, and the surface states of
the adsorbed cations often depended on their electrochemical
2+ 2+ . environment. Ni was found to be bound as Ni(H 0) xons
2+ + + while Cu would be adsorbed as Cu(OH). O^H^O)^ was
adsorbed as itself on chlorite, but Co(NH0fy was reduced
2+ . 3 6to Co(NH~), due to the increase m  pH on adsorption.
34-
Chromium was adsorbed as Cr(H2 0)^ below pH4, and as 
Cr(0 H ) 2  above pH4.
Quantitative XPS has been used to investigate the
surface Si/Al ratio and the cation distribution on ion
exchanged zeolites; combined XPS binding energy and
intensity measurements can be used to estimate the
interaction between catalytic oxides such as MoCL and
(118)Co^O^ and support material like SiO^; ’ Generally however 
studies concentrate either on binding energy or intensity 
measurements, and so neglect a large amount of useful 
data. As examples from coal technology, Schultz et a l l ^ ^  
concentrated on the peak binding energies from coal dust,
(119)
while Brown et ali ' measured only the peak intensities
from coal and coal ash surfaces.
The application of x-ray photoelectron diffraction.
to single crystal layered silicates by Evans and co-workers^12^^
has been one of the more important recent developments.
Diffraction like effects in XPS had been known for some 
(121 122)timev ’ ' but they had not been investigated in complex
systems because of the difficulties in measuring and
decoding the complicated diffraction-like intensity
modulations. Angular variations in peak intensities of up
to 30% were due to the diffraction of the ejected
photoelectron by the surrounding lattice sites around the
ionized atom. To avoid experimental uncertainty the XPD
patterns were normally displayed as variations of intensity
ratios between two peaks. From the results it was found
that the atomic location had the strongest effect on the
diffraction pattern and differences between tetrahedral
(123)and octahedral site filling would be evidenti ' It 
would be difficult to develop this technique to rough 
polycrystalline or thin amorphous surfaces because of 
the constraints on sample morphology. Nevertheless, its 
range of applications is certain to expand.
3.1.4 Summary of Silicate Analysis by Zr La XPS
Zr La x-rays were chosen as a source of photons with 
sufficient energy to excite Si subshell electrons from silicates. 
Strong Si KLL Auger electron series were also generated 
and the resulting charge independent Si Auger parameter 
could be calculated and used in the study of the surfaces 
of silicates.
The manufacture of Zr x-ray sources, sample preparation
and data handling methods used for silicates is described 
in section 3.2. Results from standard samples and all the 
silicon compounds studied in Zr La XPS are listed in 
section 3.3. Silicon metal and oxide peak energies are 
discussed in 3.4.1; their relative intensities in 3.4.2, 
while the relative intensities of silicates are compared 
in section 3.4.3 and variations in their Auger parameters in 
3 . 4. 4. All the Zr La XPS was performed onaV.G. ESCA II { 1 9 7  ^
3.2 Experimental
3.2.1 Prototype Zr x-ray Source
The first Zr x-ray anode was made by bonding a 1mm
thick Zr disc onto a conventional ESCA II copper anode base
using a high temperature metal loaded epoxide adhesive
(Ablebond 7l/l, from Dage GB Ltd., Pinner, Middlesex, UK).
Several months of useful work were obtained from this
source which was normally run at 200-300 watts to gain an
adequate signal strength from samples in the ESCA II. By
running at these power loadings a central pit was formed
through to the substrate. A temporary repair by spot
welding two extra pieces of Zr foil over the pit allowed
(3)the inxtial study to be successfully completed; ’
PROTOTYPE WINDOWS
A study was also made during these initial experiments 
to find a suitable x-ray source window material for use 
with the prototype anode. Windows are frequently chosen 
from the same element as the anode in soft x-ray sources, 
as this can filter out the higher energy x-rays leaving 
the desired line partially monochromatized. Unfortunately 
the mass absorption coefficient for Zr La by Zr foil is 
too high, as the cross sections from the M shells are large 
and there is strong absorption due to both elastic and 
inelastic scattering. The lOjim foil (Goodfellow’s Metals) 
was thinned to 0*8fim electrochemically. Even at this 
thickness, only low signal levels were observed, making 
this fragile window unsuitable for use here.
Several polymer windows were tested for use, but all 
were found to suffer from thermal decomposition, causing 
sample contamination and eventually complete window 
destruction.
SUPPORTED POLYCARBONATE WINDOW
This polycarbonate plastic window supported by a fine 
gold mesh (Jeol) was the first successful window to provide 
useful results. For many samples however, a contamination 
layer slowly built up as the window deteriorated.
MEDIUM MELTING POINT MYLAR WINDOW
A standard Mylar film was coated with gold to allow for 
conduction. It worked well at first, but decomposed 
rapidly as higher x-ray powers of 500W were used. Usually 
holes formed in the centre of the window as the polymer contracted.
HIGH MELTING POINT POLYAMIDE ON COPPER BACKING
This polymer was first stripped of copper and then
abraded with varying grades of diamond paste to reduce its
thickness. It proved to be impossible to make a sufficiently
thin window as striations and splitting occurred due to
nonuniformities in the film. If a suitable method of
preparation had been available this would have provided
the best type of organic window.
Organic polymers were investigated as window materials
for Zr La XPS because of their low mass absorption
coefficient to these x-rays and because their low density
also made them highly transparent. Their thermal failure
in this study can be partly ascribed to the high running
powers and low thermal conductivity of the window
surrounds in the ESCA II which was improved in later
instruments. It became unnecessary, finally, to look
for an adequate polymer window as a Be foil window had
been designed for the improved Zr x-ray source. For the
Zr La analysis of Si, A1, Muscovite Mica, Kaolins and
Molecular Sieve, the prototype anode and gold mesh
(3)supported polycarbonate window were used; '
3.2.2 Improved X-Ray Source
The Zr wafer anode and polycarbonate window worked 
adequately for the initial study, but were unsuitable for 
a high resolution study of Si compounds. The lower 
resolution of the initial studies was due to the need for 
a high analyser pass energy of lOOeV to collect acceptably 
noise free peaks in a reasonable time. This in turn was
due to the low x-ray flux from the prototype x-ray source.
The improved Zr x-ray source was designed to produce 
a very high x-ray flux, and contained two new components:
a) IMPROVED Zr ANODE
The new anode was made by friction welding a 1cm 
diameter Zr rod (nuclear reactor grade) to an identical 
Cu rod (oxygen free) by Black’s Equipment Ltd., Doncaster, 
Yorks. The Cu was splayed outwards by the Zr and required 
trimming before conventional welding to the standard 
ESCA II anode base. The anode initially presented a flat 
Zr face to the electron beam (fig. 3.2), but a conical 
crater was drilled into the Zr face to reduce evaporation 
which had presented a problem initially. After treatment 
the anode could run continuously at 600 watts (12kV, 50mA) 
without deterioration.
b) BERYLLIUM WINDOW
The fragile polymer windows initially used were 
replaced by a 12fim beryllium foil window (Link Systems Ltd. , 
Reading, Berks.) The benefits of this window were:
1. Improved x-ray transmission of 87%.
2. Greater strength, reducing the risk of breakage.
3. Absence of contaminating species to affect the sample
4. Naturally conducting, so no metallic coating required 
When the new anode and window were first used, severe
evaporation from the anode onto the window caused a 
significant reduction of the x-ray flux onto the sample.
The film was removed in the ESCA II preparation chamber 
by means of Ar ion sputtering. After drilling a conical 
section from the anode surface, no further evaporation 
problems were encountered during operation.
CHARACTERISTICS OF IMPROVED X-RAY SOURCE
The new configuration of anode and window could be 
run continuously at 600W incident power, which was over 
twice the original maximum of about 250W. Even at full
power the spectrometer still operated with a vacuum of
-9 . . .less than 10 mbar. When the anode was xnitially used the
vacuum improved due to the gettering action of the 
evaporated Zr. Similarly the anode always presented a 
metallic surface due to the rapid absorption of , N^ 
etc. above 800°C, and transfer of the oxides etc. to the
Fig 3.2 IMPROVED ZIRCONIUM ANODE
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bulk of the anode material.
The x-ray flux emitted from the improved Zr x-ray 
source was comparable to that from the standard A1 x-ray 
source after allowing for the difference in photon energy 
This can be determined from the emission current versus 
anode potential (fig. 3.3) and as observed an emission 
current of 50mA can easily be stabilized at 12kV anode 
potential.
The two improvements in the x-ray source gave a
dramatic increase in x-ray flux on the sample, which then 
allowed a lower fixed analyser pass energy to be used, 
with an associated improvement in spectral resolution.
3 .2 . 3  Silicates Investigated by Zr La XPS
(3)In the earliest Zr La XPS studyv ' three well 
characterized kaolin samples of industrial importance 
from St. Austell, Cornwall (English Clays, Lovering Pochin 
and Co.) were investigated. They possessed different 
mineralogies and water contents and so were suitable for 
comparison. For reference purposes, Muscovite Mica 
(Ruggles Mine, N.H., USA) and a molecular sieve (Union 
Carbide 10A) were also analysed.
(4)The mineral samples used in the second studyv '
(Rocks and Minerals Ltd., Cheltenham, Glos.) were carefully 
selected optically, and if possible ground to a powder to 
reduce any diffraction effects in the XPS results. The 
problem of impurities was minimized as far as possible 
by selecting massive crystalline examples of the minerals, 
and removing the outside weathered surfaces by scraping, 
or by diamond wheel cutting for harder minerals. Table 
3.7 lists the important parameters of the minerals that 
were studied here.
An artificial aluminosilicate mineral (sample 4) was 
prepared by the reaction of aluminium isopropoxide 
and tetraethoxysilane in the presence of deionised w a t e r ^ ^ ^  
(Aluminosilicate 2):
mAl(OCH(CH3  ) 2 ) 3  + nSi(OC2 H 5 ) 4  L L l * ( A l 2 0 3 )m (Si02 )n-xH20
1 2  +3m(CHQ)oCH0H + 4nC H cOH
' 3 7 2 2 2
where M.Wt. of 1 = 204*25; 2 = 208*33 
measured weight 1 = 5*393g; 2 = 2*6982g
By gravimetric analysis, the molecular ratio of the 
aluminosilicate formed was:
A1 0
(Si02 )+Al2 0 3  “ 33‘8%
By quantitative A1 Ka ESCA (fig 3.4), we obtain a molecular
ratio of :
A1 0
= 3 2 * 5 %(Si02)+Al203
Fig. 3.4 shows the results from a series of artificial 
aluminosilicates, when the surface homogeneity was 
confirmed by comparing conventional XPS measurements 
with gravimetric analysis.
The molecular formula of aluminosilicate 2, for study 
in Zr La XPS as determined gravimetrically and by A1 XPS 
was:- .
(A1203 )1.Q {sio2)2•0 ^4H2° ^
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3.2.4 Sample Preparation
In order to obtain results as closely characteristic 
of silicates as possible, three methods of preparation 
were used for analysis by Zr La XPS.
1. Those samples that could be prepared in a powder 
form including the artificial aluminosilicate, and those 
minerals in a small particulate form such as almandine 
were pressed into indium foil^"^ and analysed directly as 
they were received.
2. Most layer minerals (Phyllosilicates) including the 
micas were prepared as follows. After bonding to the sample 
holder by cyanoacrylate adhesive, they were cleaved in the 
preparation chamber by springing a hooked plate bonded to 
the upper surface (fig. 3.5) and were then transferred 
through to the analysis chamber.
Fig. 3.5 CLEAVING PHYLLOSILICATES IN VACUUM, IN THE ESCA II 
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3. In order to ensure that the surface of the silicates 
was representative of the bulk of the sample, the other 
samples were cleaned mechanically by scraping in vacuo.
A surgical blade attached to a linear drive (fig. 3.6) 
was designed to sweep across the surface of the sample, 
removing the top few microns. Slight movements of the 
sample transfer mechanism could control the pressure of 
the blade on the surface and hence the depth of material 
removed. The blade caused brittle fracturing on most 
silicates, but for softer minerals such as talc, it had an 
erasing effect, in that complete layers were removed 
virtually intact. In both cases a new surface was produced.
Fig 3.6 SURFACE CLEANING OF SILICATE SAMPLES BY SCRAPING 
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3.2.5 Data Collection
Accurate peak intensity and energy measurements were 
made using a V.G. Datasystems 3040 Series computer attached 
to the ESCA II. The DEC PDP8 E based datasystem controlled 
the Retardation Voltage, Analyser Pass Energy, Instrument 
Work Function, Scan start, speed and Range. The photoelectron 
signal after amplification and shaping was returned to the 
computer for storage on dual tape drives. The system also 
incorporated a software package for subsequent data 
manipulation; the programs relevant to this work were.*
Peak Position; Area and Height determination; Peak 
Comparison and Deconvolution.
A standard set of acquisition parameters were used 
for all the aluminosilicates studied so that the precision 
of peak measurement could be improved. The conditions used 
for this Zr La XPS analysis are listed in table 3.3. For 
each mineral a wide survey scan was recorded and relative 
peak intensities measured to ascertain the purity of the 
mineral.
Narrow scan spectra were recorded from the Si Is,
Si KL22^23 ’ ^  ^  ^ 2 3 ^ 2 3  ancl ^ ls Peaks ^rom aH  'the
minerals in which these elements occurred. For a large 
number of silicates, the Auger peak was also
accurately determined.
Table 3.3 DATA ACQUISITION CONDITIONS IN Zr LOC XPS
PARAMETER WIDESCAN NARROWSCAN
SWEEP START(BEeV) 0 *1 ,1 0 0 0 - 1 VARIABLE
CHANNEL NUMBER 2 0 0 0 2 0 0
CHANNEL STEP (eV) 0-5 0 - 1
SWEEP RATE (CH/s) 1 - 0 2-5
ANALYSER ENERGY 2 0 0 50
WORK FUNCTION 4-9 4-9
SCAN NUMBER 1 0 9
3.3 Results
3.3.1 Standard Samples ■: Gold, Silver
Both Au and Ag were used to perform instrument 
calibration tests for Zr La XPS.
The Au sample was prepared by evaporation of the 
metal onto a clean Ni holder. A wide survey scan (fig. 3.7 
confirmed the sample purity, but this spectrum shows the 
main problem of standard Zr La XPS is the strong series 
of satellite peaks originating from the Zr LP x-ray 
(2124-OeV). The position of the Au 4 peak position was 
adjusted to give a binding energy of 83-80eV^2"^  by a 
small alteration to the instrument work function <J>. The 
correct value of <|> at all analyser pass energies was 
found to be 4*9eV, compared to 4-6eV for the A1 x-ray
source; the difference may be due to the use of a Be window 
(<j)=4‘98eV) compared to an A1 window (<J>=4‘3eV). High 
resolution Au 4f„, narrow scans were recorded.
7/2
The Ag sample, an argon ion cleaned Ag pellet, also 
gave a clean spectrum (fig. 3.8). Comparison of the FWHM 
values of both the Au 4f^ and Ag 3d^ peaks using Zr La 
x-rays with the Au 4f„ peak excited by lower energy x-rays
h
(fig. 3.9) shows that at the standard ESCA II pass energy 
(50eV) and above, resolution is controlled more by the 
instrumental parameters than the x-ray linewidth. The data 
for Zr La excited linewidths are listed below (table 3.4).
Table 3.4 PEAK RESOLUTIONS IN Zr La XPS
ANALYSER PASS 
ENERGY (eV)
FWHM (eV)
Au 4f?/? Ag 3c^
2 0 - 1 * 64
50 2-08 1-95
1 0 0 2-46 2*38
Relative peak sensitivities in Zr x-rays could not be 
determined accurately on the VG ESCA II as it did not 
possess a twin anode x-ray source. It was not possible as 
a result to determine how peak intensities varied when 
switching from conventional Mg or A1 Ka XPS to Zr La XPS. 
Measurements were made, however, with a Zr/Mg twin anode
( 127)and Be windowed x-ray source fitted to a VG ESCALAB mk.Iv 1 
using a standard 10mm diameter Ag sample stub and Si wafer.
It can be seen from the information in table 3.5 that 
under the same operating conditions (20eV pass energy) the 
signal from Ag 3d^ using Zr x-rays is better than 10% of the 
signal using Mg x-rays, indicating a source that is useable 
for all but the lowest concentrations of elements.
3.3.2 Silicate Compounds in Zr La XPS
Two separate studies of Si compounds were completed 
using Zr x-rays. These two programmes were performed with the 
prototype and improved Zr x-ray sources respectively, and 
were consequently designed to achieve different aims and 
results (see page 98).
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Table 3.5 RELATIVE PEAK SENSITIVITIES IN Mg Ka AND Zr La
XPS. X-RAY POWER NORMALIZED TO 200W. Cl SLITsJ127^
PEAK X-RAY ANALYSER
ENERGY
(eV)
FWHM
(eV)
PEAK
SIGNAL
(kc/s)
BACKGROUND 
SIGNAL 
(kc/s)
PEAK 
HEIGHT 
(kc/s)
S
B
Ag 3d Mg Ka 2 0 1 • 2 - - 1 0 0 -
t» Zr La 1 0 0 - 1 0 0 34 6 6 1 *94
it it 50 - 40 1 1 29 2* 64
ti it 2 0 2 - 2 15 3*7 11*3 3-05
Si KLL it 1 0 0 - 51 * 6 4* 6 47-0 1 0 * 2 2
STUDY 1 (Ref. 3)
X-ray Source: Prototype
Aims 1) Measurement of Si Is binding energy, Si KLL
energies from Si and SiO^*
2) Determination of A1 and Si Auger parameters 
from well characterized aluminosilicates.
3) Characterization of industrially important 
clays.
Results : The final compilation of peak position
measurements obtained in this first study are 
listed in table 3.6. Measurements from A 1 , Si 
their oxides and the muscovite micas were 
repeated with the improved x-ray source, and the 
most consistently accurate results included 
in this table.
STUDY 2 (Ref. 4)
X-ray Source: Improved
Aims 1) Comparison of the Si and A1 Auger parameters
from 30 silicate minerals.
2) Correlation of the Auger parameters with 
refractive index data.
3) Accurate Auger parameter measurements from 
thin SiO^ layers on Si.
4) Determination of l s / K L ^ L ^  anc* ^ 2 3 ^ * ^ 2 3 ^ 2 3  
intensity ratios for A1 and Si in the 
aluminosilicates and minerals studied here.
Results : The A1, Si, 0 and C peak positions, from 30
Table 3.6 POSITIONS OF PRINCIPAL PEAKS OF ALUMINIUM/SILICON
COMPOUNDS IN Zr XPS
SAMPLE
Si (1 s ) 
BE(eV)
Si(KLL) 
KE (eV)
°(Si) 
(eV)
Al(ls)
BE(eV)
Al(KLL) 
KE (eV)
a(Al)
(eV)
A1 - - - 1558-2 1395-0 910-8
A 1 2°3
- - -  . 1561-2 1388-5 907-3
Si 1839-8 1616-5 1413-9 - - -
Si0 o 1844-0 1608-4 1410-0 — _ —
Muscovite Mica ' 1845-4 1607-1 1410-1 1564-3 1384-5 906-4
b )Mica ' 1844-2 1607-5 1409-3 1563-8 1384-6 906-0
Kaolin 1 1843-3 1608-2 1409-1 1563-4 1385-5 906*5
Kaolin 2 1843-0 1608-8 1409-4 1562-0 1387-0 906-6
Kaolin 3 1842-6 1608 * 6 1408-8 1562-2 1386-0 905-8
Molecular Sieve 1843-5 1608*7 1409-8 1561•6 1385-8 905-0
Notes: a) Vacuum Cleaved; b) Hydrated.
minerals listed in table 3.7, are compiled in table 3.8, along 
with the associated A1 and Si Auger parameters. The Na and 
Mg peak positions from silicates containing these elements 
are also listed in table 3.10. Peak area measurements were 
also made on the Si, A1 and 0 peaks from the 30 silicates, 
and these are collected in table 3.9.
Table 3.7 PHYSICAL PROPERTIES OF MINERALS INVESTIGATED 
BY Zr L CX XPS
Silicate Types: N-Nesosilicate (island); S-Sorosilicate (couplet); 
C-Cyclosilicate (ring); I-Inosilicate (chain); P-Phyllosilicate 
(layer); T-Tektosilicate (framework).
Crystal Group: M-Monoclinic; R-Rhombic; T-Triclinic; C-Cubic; 
O-Orthorhombic; H-Hexagonal.
* - Prepared artificially, see section 3.2.3
No. MINERAL FORMULA REFR.
INDEX
( » )
S IL IC A T E
TYPE
CRYSTAL
GROUP
O R IG IN
1 M u sco v i  t e  M ic a KA10 ( O H ) 2A l S i 3O r3 1 - 6 0 P M R u g g le s  M i n e ,  N . H . ,  USA
2 Sodium  S i l i c a t e N a2 S i 0 3 1 - 5 2 T M BDH C h e m ic a ls
3 A n d a l u s i t e A l 2 0 S i 0 4 1 • 63 N R W e s t f o r d ,  M a s s . ,  USA
4 A l u m i n o s i l i c a t e A l 20 3 S i 0 o *x H 20 T T BDH C h e m i c a l s '  '
5 S t a u r o l i t e ( F e , M g ) 2A l 9Ob S i 0 4 4 P ) 2 i - 7 5 N O F a n n in  C o . , G e o r g i a ,  USA
6 E p i d o t e C a2 F e ( A 1 0 ^ ( 0 H )  S iO ? 1 * 7 4 S O A r e n d a l , Norway
7 U v a r o v i t e C a C r 2 S i 0 4 2 1 * 8 6 N T F i n l a n d
8 K y a n i t e A l 2 0 S i 0 4 1 - 7 2 N T C h e s t e r f i e l d ,  M a s s . , USA
9 C o r d i e r i t e Mg2 A14 S i 5 ° 1 8
1 - 5 4 C O N orw ay
10 H e m im o r p h i t e Z n 4 ( 0 H ) 2S i 20 ? H20 1 - 6 2 S O A r i z o n a ,  USA
11 B e r y l A 12 Be3 S l 6 ° 1 8 1 - 5 8 c H
B ro k e n  H i l l ,  NSW, A u s t r a l i a
12 O l i v i n e Mg2 sio4 1 * 6 3 N 0 S c o t l a n d
13 E n s t a t i t e Mg2 S i 0 6 1 • 65 I T N. I r e l a n d
14 S i l i c o n  N i t r i d e S l 3N4 2 * 0 4 5 T -
IB M , W i n c h e s t e r
No. MINERAL FORMULA REFR.
INDEX
(n)
S IL IC A T E
TYPE
CRYSTAL
GROUP
O R IG IN
15 A lm a n d in o F e 3 A l 2 S i 0 4 3 1 * 8 3 N C A h e im ,  W. Norway
16 A s b e s to s Mg6 (O H )8 S i 40 10 P M G i l a  C o . , A r i z o n a ,  USA
17 Z i r c o n Z r  S iO .4 1 * 9 6 N T L a r v i k ,  Norway
18 T a l c Mg ( 0 H ) 2S i 40 1Q 1 • 59 P M N . C a r o l i n a ,  USA
19 S e r p e n t i n e Mg6 ( ° M >6 S i 4 ° 1 0 1 • 55 P M C o r n w a l l ,  UK
2 0  P y r o p h y l l i t e A 12 ( 0 H ) 2 s l 4o 10 1 *5 9 P M G u i l f o r d  C o u n ty  N . C . , USA
21 N a t r o l i t e N a2 A l , S i 30 10 2H^O 1 *47 T 0 S c o t l a n d
22 A 1b i t e Na A l S i 3GH 1 • 54 T M C o r n w a l I , UK
23 S i l i c o n  C a r b i d e SiC- 2 * 6 5 T C U n io n  C a r b i d e  C o r p . , USA
24  A n o r t h i t . e Ca A l o3 i 20 g 1 • 58 T T W. Norway
25 M i c r o c l i n e K A l S i 3Og 1 * 5 1 5 T T B r a z i l
26  S t i l b i t e Ca A l ^ S i 7Oi e  * 7 H o0 1 *4 9 T M Summi t , N . J . ,  USA
27 P l a g i o c l a s c Ca A l ^ S i . , 0 8 Na A lS ig O g I • 56 T T Norway
28 S o d a l i t e NaQ C l 2 ( A l S i 0 4 ) 6 1 * 4 8 3 T C A r k a n s a s ,  USA
29  Q u a r t z S i 0 2 1 • 54 T T BDH C h e m ic a ls  L t d .
3 0  Corundum A 12 ° 3 1 * 7 6 5 R BDH C h e m ic a ls  L t d .
Table 3.8 PEAK POSITIONS AND AUGER PARAMETERS FOR Si & A1 
IN SILICATES
No. Ml NEPAL BK( eV)  
S i  1 s
B E( eV )  
A1 1 s
K H ( e V )  
A 1 KLL
BE(eV) 
O I s
K E( eV )  
S i  KLL
BE(eV) 
C I s
A ( Si  ) 
( e V )
A(A1 ) 
( e V )
1 Muscov i  t.e 1 8 4 5 * 4 1564*  3 13 84*  5 534*  5 1 6 0 7* 1 2 8 7 * 0 1 4 1 0* 1 9 0 6  • 4
2 Sodium S i  Li c a t e 1 8 4 5 * 4 - - - 1 6 0 9 * 4 - 1 4 1 2 * 4 -
3 A n d a l u s i t e 18 45*  3 1 5 6 4• 1 1 3 8 4 * 4 - 1 6 0 7 * 3 - 1 4 1 0 * 2 9 0 6 *  I
4 A l u m i n o s i l i c a t e 1 8 4 5 * 6 15 6 3 • 8 1383*  5 - 1 6 0 6 * 6 - 1 4 0 9 * 8 9 0 4 * 9
5 S t a u r o l i t e 1 8 4 5 * 6 I  5 6 3 • 4 1 3 8 5 * 7 5 3 3 * 5 1 6 0 8 * 0 - 1 4 1 1 * 2 9 0 6 * 7
6 E p i d o t e 1 8 4 3 * 4 1 5 6 2 * 2 1 3 8 6 * 4 5 3 2 * 4 1 6 0 9 * 3 - 1 410*  3 9 0 6 *  2
7 U v a r o v i t e 1 8 4 3 * 7 - - 5 3 3 * 0 1 6 0 8 * 5 2 8 5 * 6 1 4 0 9 * 9 -
8 K y a n i t e 1 8 4 5 * 0 1 5 6 4 * 4 1 3 8 4 * 4 5 5 3 4 * 1 1 6 0 7 * 6 - 1 4 1 0 * 2 9 0 6 * 4 5
9 C o r d i e r i t e 1 8 4 5 * 4 1 5 6 4 * 5 1 3 8 4 * 2 5 3 4 * 2 1 6 0 7 • 3 - 1 4 1 0 * 3 9 0 6 * 3
10 H e m i m o r p h i t e 1 8 4 4 * 8 - 1 3 8 5 * 0 5 3 3 * 5 1 6 0 7 * 9 - 1 4 1 0 * 3 -
11 B e r y l 1 8 4 4 * 7 15 64*  5 1 3 8 4 * 7 5 3 4 * 0 1 6 0 7 • 4 - 1 4 0 9 • 7 9 0 6 * 8
12 O l i v i n e 1 8 4 3 * 8 - - 5 3 2 * 9 1 6 0 8 * 4 - 1 4 0 9 * 8 -
13 E n s t a t i t e 1 8 4 4 * 8 - - 5 3 3 * 5 1 6 0 7 * 8 2 8 6*  1 1 4 1 0 * 2 -
14 S i l i c o n  N i t r i d e 1 8 4 4 * 6 - - 5 3 5 * 3 1 6 0 9 * 5 5 2 8 7*  1 1 4 1 1 * 7 5 -
15 A l m a n d i n e 1 8 4 5 * 0 1 5 6 3 * 8 1 3 8 5 * 1 5 3 3 * 9 1 6 0 8 * 0 - 1 4 1 0 * 6 9 0 6 *  5
16 A s b e s t o s 1 8 4 5 * 2 - - 5 3 3 * 7 1 6 0 7 * 3 - 1 4 1 0 * 1 -
17 Z i r c o n 1 8 4 4 * 1 - - 5 3 3 * 0 1 6 0 8 * 5 5 - 1 4 1 0 * 2 5 -
18 T a l c 1 8 4 5 * 4 - - 5 3 3 * 4 1 6 0 8 • 2 2 8 5 * 9 1 4 1 1 * 2 -
19 S e r p e n t i n e 1 8 4 6 * 1 - - 5 3 4 * 1 1 6 0 7 * 0 - 1 4 1 0 * 7 -
20  P y r o p h y l l i t e 1 8 4 6 * 1 1 5 6 4 * 3 1 3 8 4 * 6 5 3 4 * 3 1 6 0 7 * 0 - 1 4 1 0 * 7 9 0 6 * 5
21 N a t r o l i t e 1 8 4 4 * 3 1 5 6 2 * 8 1 3 8 5 * 0 5 3 3 * 2 1 6 0 7 * 3 - 1 4 1 0 * 0 9 0 5 * 4
22 A l b i t e 1 8 4 4 * 6 1 5 6 2 * 9 1 3 8 4 * 8 5 3 3 * 5 1 6 0 7 • 7 - 1 4 0 9 * 9 9 0 5 * 3
23 S i l i c o n  C a r b i d e 1 8 4 3 * 6 - - - 1 6 1 0 * 1 2 8 2 * 5 1 4 1 1 * 3 -
24  A n o r t h i t e 1 8 4 4 * 6 1 5 6 3 * 1 1 3 8 5 * 4 5 3 3 * 5 1 6 0 7 * 9 2 8 6 * 1 1 4 1 0 * 0 9 0 5 * 4
25  M i c r o c l i n e 1 8 4 4 * 7 1 5 6 2 * 4 1 3 8 4 * 5 5 3 3 * 6 1 6 0 7 * 3 - 1 4 0 9 * 6 9 0 4 * 5
2 6  S t i l b i t e 1 8 4 3 * 9 1 5 6 1 * 8 1 3 8 5 * 1 5 3 3 * 2 1 6 0 8 * 0 - 1 4 0 9 * 5 9 0 4 *  5
27 P l a g i o c l a s e 1 8 4 5 * 4 1 5 6 4 * 0 1 3 8 4 * 0 - 1 6 0 6 * 9 - 1 4 1 0 * 0 9 0 5 * 6
28 S o d a l i t e 1 8 4 4 * 3 1 5 6 3 * 1 1 3 8 4 * 8 - 1 6 0 8 * 0 5 - 1 4 0 9 * 9 5 9 0 5 *  5
29 Q u a r t z 1 8 4 4 * 0 - - 5 3 1 * 2 1 6 0 8 * 4 - 1 4 1 0 * 0 -
3 0  A l u m i n a - 1 5 6 1 * 2 1 3 8 8 * 5 - - - - 9 0 7 * 3
Table 3.9 PEAK INTENSITY MEASUREMENTS IN Zr La: PEAK AREAS
No. MINERAL Si Is A1 Is A1
KL23L23
0  Is Si
KL23L23
Si
KL23V
1 Muscovite Mica 44192 48437 103212 99340 150558 7980
2 Sodium Silicate 8735 - - 27320 16620 -
3 Andalusite 45189 52912 104772 81145 98244 5305
4 Aluminosilicate 56318 10050 18770 37527 44192 -
5 Staurolite 3495 18031 39892 37710 40666 2806
6  Epidote 6068 9302 16995 24406 16967 -
7 Uvarovite 18388 - - 47251 22516 -
8  Kyanite 43099 43340 83969 64312 56866 2730
9 Cordierite 52960 25240 65752 85695 80336 11448
10 Hemimorphite 13737 - - 21741 10084 -
11 Beryl 31065 23698 28196 48321 62627 -
12 Olivine 26503 - - 30572 31370 -
13 Enstatite 28348 - - 32042 59425 -
14 Silicon Nitride 205197. - - 29043 311349 38545
15 Almandine 29415 6 6 6 8 21478 47886 71018 -
16 Asbestos 87302 - - 75665 81009 4059
17 Zircon 10990 - - 24186 17772 -
18 Talc 20363 - - 47094 41788 2236
19 Serpentine 77035 6984 13957 41961 78658 5333
20 Pyrophyllite 77923 13543 33885 35317 72086 5114
21 Natrolite 19899 9877 25755 48234 92240 4287
22 Albite 33529 7389 18589 27275 57796 3908
23 Silicon Carbide 192271 - - - 33614 1613
24 Anorthite 43719 15604 32537 31913 53617 7812
25 Microcline 33674 - 11607 32570 69096 -
26 Stilbite 47477 8567 18098 25755 54812 4147
28 Sodalite 25125 13608 23052 — 22177 —
Table 3.10 Mg AND Na PEAK POSITIONS FROM SILICATES
SAMPLE Mg(Is) 
BE(eV)
Na(Is) 
BE(eV)
Na KLL 
KE(eV)
Mg KLL 
KE(eV)
Mg
eV
A,tNa
eV
Sodium Silicate - 1072-6 988-7 - - 18-9
Cordierite 1307-1 - - 1177-3 442-0 -
Olivine 1306* 2 - - 1179-0 442-8 -
Enstatite 1306-0 - - 1178-5 442-1 -
Asbestos 1305-4 - - 1178-7 441-7 -
Talc 1305-4 - - 1179-1 442-1 -
Serpentine - - - 1179-6 - -
Albite - 1073-8 987*3 - - 18-7
Sodalite - 1073-7 987-4 - - 18-7
3.4 Silicon Dioxide on Silicon
Many studies 131) been made on the nature of
thin SiO^ layers on Si because of the importance of this
system in semiconductor manufacture. Considerable
disagreement arose from the interpretation of results in
these studies, mostly centring on the actual structure of
the interface between the two layers and whether a discrete
SiO state is present there. It is surprising that no
comprehensive higher energy XPS study of the SiO^/Si system
has been made, considering the extra chemical and depth
information that would be available from a study of the
f 91 )Si Is, SiKL0 0 L _ 0  and SiKLnoV peaks. Hollmger et ali '
2o 2,o 2o
suggested this approach for the determination of relaxation 
energy variation at the interface, but in their work they 
measured the more readily available 0 KLL and O Is peaks. 
Stephenson and Brinkowski( )  were only investigating the 
electronic structure of bulk forms of silica, while Klasson 
et al.(^) used the relative areas from Si Is and Si KLL 
peaks to determine the escape depths of electrons as a 
function of their kinetic energy.
3.4.1 Silicon Is Peak Energies
As few XPS studies have been made with an analysis 
of the Si Is peak, comparative results are scarce. Those 
experimental and theoretical, results published to date are
listed below in table 3.11.
Table 3.11 Si Is CORE LEVEL PEAKS FROM Si AND Si0o
SAMPLE REF AUTHORS EXPT.METHOD THEORY Si(Is) Si (Is)
b
(eV)
BEVLa
(eV)
Si 132 Hagstrom & 
Karlson
Cr Ka XPS — 1839
Si 45 Klasson et al. Cr Ka XPS - 1840-5
Si This Work Zr La XPS - 1839-8
S i ° 2
108 Stephenson
Brinkowski
& Hagstrom & 
Karlson data
1841-9 1846•6
s io 2 45 Klasson et al. Cr Ka XPS - 1843-9
s io 2 108 Stephenson
Brinkowski
& X-ray data — 1844-0 1848-7
s io 2 This Work Zr La XPS - 1844-0
Si02 133 Collins et al. - ab
initio
1841-3 1846-0
s i ° 2 134 Gilbert et al. - SCF 1864-8 1869-5
a BE : Binding Energy wrt. Fermi Level» Difference 
FL' >
BE : Binding Energy wrt. Vacuum Level ' = 4 *^eVVL1 O J-y/ ^
b Theoretical models assume that the 5a^ Valence Band is 
at 19•45eV
For comparison with theoretical calculations, experimental 
peak binding energies referenced to the Fermi Level of the 
sample must be adjusted to the vacuum reference level:
BEVL “ b e fl +e f 
With a layer of insulating SiO^ on Si-» the potential energy 
diagram at the interface will be approximately as shown in 
fig. 3.10.
The Fermi Level is not a fundamental reference point, 
as the zero potential point in a solid is higher than the 
Fermi Level by the Fermi Energy E . This difference is often
r
approximated to by the sample work function •*
BE ~ BE + 4> A Equn. 3.3VL FL ySA m
F i g .  J . ± U  F'UIiilNJL 1 A L  fc.i\l£,K<oY UiHOKrtl'l U F  ^ 1 U 2  '-'IN ^ 1
Vacuum Level 
Conduction BandF Si
E,FERMI F SiO
FERMI
Valence Band
Si SiO
4>sa contains surface as well as bulk effects, so that this 
term in equation 3.3 is not constant. Bulk binding energies 
measured relative to the Fermi Level are not dependent on 
the surface condition, and so for experimental comparisons 
there is no alternative but to reference to the Fermi Level. 
In practice, no problems are encountered, as no comparisons 
with purely theoretical calculations are made since these 
are found to be fairly inaccurate (see table 3.12). The 
experimental parameter of interest in this study is the 
separation between photoelectron and Auger peaks, and not 
the absolute peak positions. In insulating samples, such 
as the silicates studied here, the Fermi Level is a much 
less easily defined parameter experimentally, as it lies 
between the valence and conduction bands. This makes 
absolute peak determination difficult, especially as these 
samples are burdened with electrostatic charging at the 
surface. The determination of peak separations do not 
suffer from these problems.
The only directly comparable XPS determinations of
the Si Is peak from Si and SiO are those by Hagstrom and
t13 2\ ( 45 )Karlsson'' ' and Klasson et al. ’ Both these studies
used Cr Ka x-rays (hv=5414*9eV) which have a linewidth of
2*leV (table 1.1), considerably broader than that of Zr La
x-rays. Also the Si Is photoelectrons ejected by Cr x-rays
have kinetic energies of 3570eV, and for a peak width of
leV, an analyser resolution of 0*03% is required and this is
difficult, even for an instrument with pre-retardation. In
Zr x-rays the Si Is peak has a kinetic energy of 200eV,
and for leV half width an analyser resolution of only 0*5%
is needed. These factors are felt to make the values
measured in this work more accurate than those from the
previous studies.
Results obtained with the prototype Zr x-ray source
were limited by poor resolution, due to the necessity of
using a high analyser pass energy of lOOeV to acquire the
peaks in a reasonable time ( ~ 1 0  mins. for each peak).
The gain in performance on transferring to the improved
Zr La source can be seen by comparing the Si Is core level
o
peaks, from Si covered by a thin ("*5A) oxide layer,
generated by the two x-ray sources in refs. 2 and 4.
The improved x-ray source gave sufficient x-ray flux
for a lower analyser pass energy and higher resolution so 
4+ othat the Si and Si peaks could be well resolved. After 
instrumental calibration, a high resolution scan of the 
Si Is peak from Si metal was made to determine accurately 
the BE of this peak, which proved to be 1839*8eV.
3.4.2 Si KL^ L ^  Peak Energies
XPS measurements of Auger peaks from Si in an Si/SiO^ 
system are more numerous than Is core level determinations.
This undoubtedly is due to the independence of the Auger 
peak width from the natural linewidth of the incident x-ray.
Any x-ray with a photon energy greater than 1850eV would be 
able to generate Si Auger lines, whose widths would be a 
convolution of the atomic orbitals involved and the 
instrumental profile.
The values listed in table 3.13 show that the experimental 
position of the KL  ^( 1 D 9 ) line from Si metal is 1616 • 0+0 • 5eV. 
For SiO^ this Auger peak will occur at 1608•6+0•4eV. Caution 
must be taken during peak measurement for three reasons. 
Firstly, for thin SiO^ layers on Si, the SiO^ ls core holes 
will be screened by electrons from the Si substrate, 
increasing the extra atomic relaxation energy and shifting 
the Auger peak with respect to the photoelectron peaks.
Bulk SiO^ however, is less polarised than Si, and the initial
Is core holes will be less well screened; this type of
sample will suffer from the second problem of sample charging,
but this will not affect peak separation measurements.
1
Thirdly, one of the largest, errors m  measuring the peak
from a thin oxide layer on Si will be its overlap with the
K L ^ L ^  ( ) peak from the substrate. This peak (which is
about 1 0 % of the peak intensity) should, preferably, be
1subtracted before measurement of the D„ from the oxide. From
1
the experimental measurements (table 3.6) the Si ^ L ^ L ^  ( ^
from Si metal can be seen to occur at 1609*7eV.
The large difference of over lOeV between experimental
and theoretical peak energies is caused by the latter
failing to include an extra-atomic relaxation energy
contribution to the Auger electron transition energies.
/ 2 3
Larkins^ ' developed a method for calculating this extra 
atomic relaxation term by an equivalent cores approximation:-
8  A 2  = - 1  • 2 (qX^.)Z+1 -0 * 36(o a) z + 1
using the outermost (screening) orbital fora. For Si this 
equation gives:
5A" = -8 •6 eV
Thus the total energy of the KI-23L23^ D 2  ^ PGak be
1614*0eV, which is the closest theoretical approach so far 
to the well determined experimental value of 1616*OeV.
Table 3 .1 2 a Si K L ^ L ^ ^ )  PEAK FROM Si & ITS OXIDES
SAMPLE REF AUTHORS EXPT.
X-RAY
THEORY RESULT
KE(eV)
Si 56 Klasson et al. Cr Ka - 1616•4+0 * 4
Si 139 Wagner Cr Ka - 1615*7+0*3
Si This Work Zr La - 1616•5+0•2
Si 135 Carlson et al. Ag La - 1616*6
Si 136 Coglan & Clausing - E.C.M. 1605
Si 137 Shirley - own 1607
Si 138 Larkins - Semi-Emp. 1605*4
SiO 56 Klasson et al. Cr Ka - 1610*1+0*2
s i ° 2 56 Klasson et al. Cr Ka - 1609•0+0•2
S i ° 2
139 Wagner O h p - 1608•7+0•3
SiO 124 Wagner Bremm. - 1608•5
SiC2 This Work Zr La 1608•4+0 • 2
(C, =284*8) v Is ’
Table 3.12b Si KL L (''‘S) PEAK FROM Si
REF. AUTHORS EXPT. 
X-RAY
THEORY RESULT
eV
1d 2-1s
eV
135 Carlson et al. Ag La - 1609•7 6-9
This Work Zr La - 1609-7 6 - 8
137 Shirley - OWN 1599 8
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3.4.3 Si KL^ Peak Energies
The presence of Auger peaks from Si which had greater 
energies than the Si KL ^L  ^ ser^es were detected experimental ly 
and confirmed theoretically to be from the KLV series 
(fig. 3.11). The high resolution scan of the K L ^ V  peak 
(fig. 3.12) shows a broad shape, at a measured kinetic 
energy of 1731*9eV.
The KLV spectra of Si should be a reflection of the 
valence band as this will be structurally more complex than 
the sharp Is, 2s and 2p core shells. Accurate analysis of the 
KLV band shapes may then be a useful method of studying the 
valence band of Si as the KLV signal will be much stronger 
than the XPS valence band and x-ray linewidth broadening 
will be removed allowing potentially higher resolution 
studies.
The structure observed in the KLV band is the result
of the Auger selection rules and variations in the partial
densities of states. In the KLV series the band shape should
directly reflect the local density of states with a core
hole present throughout the Auger process; this can drastically
affect the relative intensities of the individual transitions.
Similarly, the angular components of the Auger matrix 
elements also influence band shape by weighting the KL^ ^p
states to the KL» 0s states by an intensity ratio of 3:1. Aso j O
a result, the main K L ^ V  peak at 1731 *9eV is mostly a p state 
peak. Conversely, the KL^V peak at 1725eV is predominantly 
s state in character. In x-ray emission spectroscopy, no s 
state peak is observed at the L ^ V  position. So thes state energy 
must shift about 5eV to higher BE in AES, due to the presence 
of the core holes creating a new, bound state. The s states 
may be much more strongly affected by the presence of the 
core hole, as has been observed in Mg alloys?4^  Shifts 
between the s and p states are also observed for the K L ^ V  bands 
from the series Na, Mg, Al and Si^4^ as a result of the 
variable screening of the core holes; the K L ^ V  peak shape 
will vary in a similar manner to that of the band. The total area 
of the KL^^V peak will be independent, at least to a first 
approximation, .of this core level screening effect; it is more
in
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likely to be a close reflection of the valence band population
density of states. For the series of silicates studied, the
KL__V/KL_0L__ ratio was frequently determined as a normalised 
2-3 2.3 23
valence band DOS measurement. Similar studies by Allen et
a l . ^ 4^  on the L M M /L ,M , ratios for transition metalsx y z x 1 y T z ’
using area measurements show that the ratios are directly 
related to the number of d level electrons in the atom before 
the Auger process, even if the selection rules are disobeyed. 
For the elements with Z = 2 1 - 3 1 :
I(L 23M 23M 45
1 (L 23M 23M 23
Hence
^ 2 3 ^ 2 3
I ^L 23M 45M 45
I ^L 23M 23M 45
oc
cc
oc
,n
dn (dn - l )
(dn -l)
where d is the number of electrons in the d shell.
This Auger intensity ratio method was extended by R a o ’s 
f143-145)g r o u p v ’ to the changes of d shell electron density
with chemical state in the transition metal series. So for 
oxidation studies it was found to be possible to estimate 
the number of oxide layers formed as a function of oxygen 
d osage.
The equivalent valence band dependence can be defined for
the KL^0V/KL-o 0L o„ ratio. The intensities, f, of the two 
2-3 2.3 22
transitions may be described thus:
n
f
K L 23L 23 . n n n . (s +p +v )
/ n  i \(P -1 )
, n n n , N (s +p +v -1)
K L 23V
P
n
. n n n . 
(s +p +v )
V
n
. n n n „ , 
(s +p +v -1)
n n nwhere s, p and v are the numbers of s,p,v electrons in the 
unionized atom.
So i (k l 23v )
1 (K L 23L 2 3 )
oc K L 23V
fKL23L23
V
n
/ n \ 
(p -i)
n
For Si the number of 2p electrons, p , is constant (=6) and
so it follows that:
Z(KL23V)
I(KL23L23>
OC vn
. 44-
In fully ionized Si there are no electrons in the
valence band; the ten remaining electrons fill the Is, 2 s
and 2p subshells. Silicate minerals are only about 50%
ionic in character, and so some filling of the valence band
occurs on ionization, giving rise to measureable KL00V
4+peaks. The filling of the Si valence band during the
Auger process must depend on the level of screening electron
charge that is available from the silicate structure, and
so will be proportional to the extra-atomic relaxation
energy associated with the central Si ion. Comparison can
be made between the KL00V to KL_0 L ^ 0 intensities ratio and
25 25 25
the Auger parameter for Si in silicates (table 3. 9 , fig. 3.13 
A straight line dependence is observed between the 
intensity ratio and the Auger parameter, and it is possible 
to extrapolate this line to zero K L ^ V  intensity. This then 
indicates the zero extra-atomic relaxation point on the 
Auger parameter scale. The parameters of this line are:
A°± (KLV=0) = 1407 * 6 8 eV
Slope m = 0 * 0212eV_ 1
Correlation Coeff. R = 0*88
The linear dependence confirms that:
I ( K L 2 3 V) a  (A_A°) oc ia 2- Equn. 3.4
I(KL23L23)
2-
where Qq 2- is the polarizability of the O ions surrounding 
the Si in the lattice.
This is direct experimental proof that the electron 
population density in the Si valence band in silicates 
( )  is directly proportional to the polarizability of the 
surrounding oxygen ions :-
AaQ2- = K v£. Equn. 3.5
Of equal importance is the determination of the Auger 
parameter for Si in the completely unrelaxed state (A°^(KLV=0) 
The value may be compared with others obtained by independent 
methods, as in chapter 4.
Fig. 3.13 CORRELATION OF Si KLV : KLL INTENSITY RATIO 
WITH Si AUGER PARAMETER.
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3.4.4 Inelastic Mean Free Path Measurements of Electrons
through SiO^ on Si
The differential surface sensitivity of the Si Is 
and Si KLL Auger peaks in Zr x-rays can be observed by 
depth profiling through a thin layer of SiO^ on Si (see fig.
5 ref. 4). The Si KLL Auger electrons (KE = 1616eV) from 
the metal easily penetrate the oxide layer even when it is more
o
than 100A thick, while it is only m  the last few 
monolayers of the oxide layer that the Si Is signal 
(KE = 202eV) from the metal is detected (fig. 3.14).
By accurately measuring the intensities of Si° and
4+ .Si components of the Is and KLL peaks from six thicknesses
of oxide layer on Si, the ratio of the inelastic mean free 
paths (IMFP) of these photoelectron and Auger peaks in 
Zr La XPS can be determined, and their absolute values 
and the thicknesses (d) of the SiO^ layer estimated.
The intensities of peaks from the Si substrate attenuated
Consequently the intensities of the ls^iO^)? ls(Si) 
KLL(SiO;)) and KLL(Si) peak components are given by:
The intensity of electrons of energy E (eV), emitted
o
from the SiC>2  layer of thickness d (A) , is given by
Equn. 3.6
where K is the proportionality constant
F is the x-ray flux
N is the atomic density
a is the excitation cross section
X is the Inelastic Mean Free Path of the electrons
Integrating Equn. 3.6 we get
I ( d , E) = KFNcr X( 1 - exp(-d/Xsin 0) ) 
ie. for constant experimental conditions 
I (d,E) = Ioo( 1 “ exp(-d/X sin 0) )
Equn. 3.7
Equn. 3.8
by the SiO^ layer follow the similar equation: 
I(d,E) = I (exp(-d/Xsin0)) Equn. 3.8
Is 
Si 
1 s
Si0 2
KLL
Si
KLL
Equns. 3.9
Combining equns. 3.9 
_SiO
isio +isi
l-exp(-d/X^sinG ) = R [Equn. 3.l = i ^ a/A^sinG 10
1 s 
T SiO
l-exp(-d/Xj,.1. sin 0) = R [Equn. 3.11ISiO Si //NK L L K L L
KLL
Therefore:
ln(l-Rls) = ~ .d and ln(1 _RKLL^ = "
X?^sin0 sin01 s KLL
So .Si
ln(l-Rls) = W  ln(l-RKLL)
Xls
[Equn. 3.12
The slope of ln(l-R ) against ln(l-R ) will provide the
IMFP ratio of ( ^ L L ^ l s ) ’ anc* ^  one term ^nown ‘the 
other can be determined. Hence the values of d can be 
calculated from equations 3.10 and 3.11.
The intensities of the four component peaks at each 
depth were measured and the results listed in table 3.13. 
The calculated values of ln(l-R^s) were plotted against the 
values for the KLL peaks in fig. 3.15. Over the range of 
oxide thicknesses studied, a well defined straight line 
correspondence is observed, with the intercept, slope 
parameters and correlation coefficient of R=0*996, being 
acceptably within experimental error.
It is concluded that the IMFP’s in Zr La XPS are 
related thus.
X(SiKLL2 > = 3-54 X(Sifi°h Zr
The study of the inelastic mean free paths of 
photoelectrons and Auger electrons has frequently been made 
in terms of both the electrons1 kinetic energies and the 
attenuation properties of the medium through which they 
pass. Despite the amount of work published on the subject 
there is still little agreement, and no "universal equation” 
is yet available.
It was found early on that the energy dependence of 
IMFP above lOOeV followed the rule:
X(E) = k . En Equn. 3.13
Table 3.13 Zr La XPS DEPTH PROFILE THROUGH Si02 ON Si
DEPTH & 
PEAK
INTENSITIES 
OF OXIDATION 
STATES
e • o 0  • 44-Si Si
PEAK
SEPARATION
eV
A(Si°-Si4+)
NORMALISED
OXIDE
INTENSITY
c .4+Si In ( 1  -- si4+ )
_ . O . 44- 
Si 4-Sl
_ . O  ^. 44- 
Sl 4-Sl
KLL 1017 1300 9-3 56* 1 0 *8233
1
Is 1 0 1400 95 2 *9789
KLL 1617 1400 9*3 46-4 0 6236'
2
Is 2 0 0 1417 87-6 2 0875
KLL 2 0 0 0 817 9*6 29-0 0 3425
3
1 s 400 883 5-2 6 8 * 8 1 1648
KLL 2283 517 9*1 18 • 5 0 2046
4
1 s 1750 1250 5*6 41 *7 0 5396
KLL 2217 183 9*4 7 * 6 0 0790
5
1 s 2333 733 5*3 23-9 0 2731
KLL 2283 75 9*5 3-2 0 0325
6
Is 2550 550 5*1 17*7 0 *1948
Table 3.14a RATIO OF IMFP FROM Si Is & Si KLL THROUGH Si02  
USING Zr La XPS
L
X(SiK LL^r
THIS
WORK
X=kE° * 5 KLASSON 
ET AL^45)
PENN
(81)
SEAH 
DENCH(48}
WAGNER 
ET AL^146)
3*543 2*823 4* 276 5* 158 2*786 3*936
W Sils°2)zr
Table 3.14b IMFP FOR Si KLL AUGER ELECTRONS FROM Si02  ON Si
E. =1610eV k KLASSON ET AL PENN SEAH & DENCH WAGNER ET AL X
XSlK L L ^ 48 0
0 • <1 38* 5 32*4 34*4
(45)Klasson et al; ' used equation 3.13 in studying electron 
escape depths from Si and SiO^ using Al and Cr Ka x-rays. 
They concluded that the exponent value is 
n = 0*7 + 0*2
The most universally accepted form of equation 3.13 is:
X(A) = k E° * 5  (eV) k ~ 0 • 5 Equn. 3.14
(81 ^Penn' ' however expressed the relationship more strictly
in the form:-
* (a(InE+b)) Equn. 3.15
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In equation 3.15 (before) a and b are functions of electron 
concentration 1} and are determined from dependence curves.
Seah and D e n c h c r i t i c i s e d  Penn's predictions^^ of Xm
for being too low by a factor of 1 * 19 , and advised that for
inorganic compounds at energies above 150eV, the closest
fit with experimental data is given by: -
2170 0*5
X = — ~  + 0*72(aE) monolayers Equn. 3.16
E
where a is the thickness of a monolayer (nm).
It is observed that for variations of E at high values
through the same material (constant a) this equation
reverts to the simplest form used (equn. 3.14). Wagner et
ai.(146) cr-Li--LC-LSGCj the square root dependence law for IMFP,
and plotted the In E:lnX dependences from nine separate
studies. Despite some overcompensations, it was shown that
a greater exponent than 0*5 should be used in equation 3.14;
the average experimental value was found to be 0 * 6 6  (+0 *1 0 ).
It was also obvious from this study that the exponent varies
strongly with the material used, making equation 3.14
unsatisfactory for rigorous quantitative analysis.
Comparisons of the predicted values and the experimentally
derived value of (X(Si^iL?) /X(Si?l0)_ ) are compiled inKLL zr l s zr
table 3.14a. The absolute IMFP values are also dependent on
the pre-exponential term k, or on a measured value at a
given electron energy. Variations in the absolute IMFP
(table 3.14b) are wider than those in the ratio above.
By rearranging equation 3.13, and using data from table 3.13,
lnXT„ T - 1  n X sr\o n = KLL Is = 0*608
lnET„ T -InE KLL 1 s
k = 0*386
Co-,.q„«ntl,i|siS102,^ s 0 .3 S 6 eo . M 6  ,e v ,
It is now possible to determine the SiO^ thicknesses at 
each of the depths by rearranging equation 3.12: 
d = - ln(l-RKLL)X(SiKLL)sin0 A
where 0 =  45° for ESCA II
The values for each of the 6  depths are listed in table 3.15, 
and the dependence of the normalised Is and KLL SiO^ signal 
on oxide thickness is shown in fig. 3.16.
Table 3.15 CALCULATED SiC>2  THICKNESSES ON Si FROM DEPTH 
PROFILE REF. 4
DEPTH Si4+
- l n ( 1 " .4+ o ^KLL Sx +Sx
d sin ^ 0 dSx0 2^ >
1 0-8233 28-32 20-03
2 0-6236 21-45 15-17
3 0-3425 11-78 8-33
4 0-2046 7-04 4-98
5 0*0790 2-72 1-92
6 0-0325 1 • 1 2 0-99
Fig.3 . 1 6  RELATIVE OXIDE AND METAL INTENSITIES OF Si &
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3.5 Peak Intensities from Silicate Minerals
The kinetic energies and IMFPs of photo and Auger 
electrons from Si and Al are spread over a wide range of 
values. This results in the relative peak intensities 
observed being strongly dependent on the surface structure 
of the silicates, and also on the thickness of any 
contamination overlayer on the sample surface. By selecting 
peaks with closely similar kinetic energies the effects of 
IMFP differences are removed and the intensity ratios will 
reflect the relative atomic concentrations of the elements 
concerned. Conversely, by choosing peaks with widely 
different IMFP values it is possible to determine the 
thickness d of a contaminating overlayer, in a method 
similar to the determination of the SiO^ layer thickness 
used previously (section 3.4.4). Both these methods can be 
applied to data collected from the 30 silicate minerals 
studied by Zr La XPS, listed in table 3.7.
3.5.1 Silicate Stoichiometry from Peak Intensities
The Si KLL Auger series and 0 Is peaks in Zr La
induced spectra are fairly close with kinetic energies of
1610eV and 1510eV respectively; from equation 3.14 the
o O
associated IMFPs for these peaks are 34*4A and 33*1A. As
the Auger and photoelectron processes follow different
cross section and transition probabilities, their relative
intensities are not generally comparable. Brillson and 
( 68)Ceasar '1 ' made a direct comparison of elemental peak: 
sensitivities in XPS and AES, and found a large variation 
in the relative detectability with atomic number; they 
ascribed this to the number of intrinsic and extrinsic 
channels available for electron and photon ionisation in 
solids. This difference does not occur in the comparison 
of x-ray induced Auger and photoelectron peaks from the 
same spectrum. The intensity of an x-ray induced XYZ Auger 
peak from an infinitely thick layer is described by:-
IXYZ = kFNQXrfXYZ^XYZ Equn. 3.17
where k is a proportionality constant, F is the x-ray flux, 
r is the backseattering coefficient, fvv~ the probability ofX 1 Jl*
transition XYZ, cj the cross section of the initial core
X
ionisation, A v„ is the IMFP of the XYZ Auger electron and
A  i ^
N is the atomic concentration of the element.
For the Si KL ^L  ^peak from a silicate series, many of the 
terms in equation 3.17 are constant; they are:
a the photoionisation cross section of the Is core
s\.
level
r the backscattering coefficient (approximately constant)
fXYZ“ f ^SlKL73L23 ^ = --^ --- -2p ~ 1 ■ = constant
2 sn+2 pn 2 sn+ 2 pn
XXYZ= (SiKL2 3 L23) = 34'4^ (constant)
Substituting into 3.17 we find:
1 Si KL L ” k ’FNSi Equn. 3.18
The O Is peak intensity from bulk silicates will then be
described by:
I = k,fFNx0 Is r i N 0
Consequently, for Si KLL and O Is peaks from silicates in 
Zr La XPS, the peak intensity will be proportional to the 
relative atomic concentrations.
I . N .Si KLL , ... Si 0— ------ = k'” ——  Equn. 3.19
0  1 s 0
The stoichiometric ratios ’S ’ of Oxygen to Silicon are 
determined for each silicate from their atomic formulae, and 
so if the mineral sample can be assumed to be a pure example 
of the silicate,
No = S N Si
and so IsiKLL * k"' L i s
S
Plotting I . against I /S should give a linear graph
ul K.L/L/ \J J- S
of slope k”’ and zero intercept, if the samples used are 
pure examples of the silicates. The results from 18 silicates 
measured (fig. 3.17) show that within acceptable limits, the 
samples studied do follow the expected oxygen to silicon 
ratios; confirming the presence of surfaces representative 
of the bulk composition.
It was not expected that the experimental points would fit 
the linear function more closely, as there will be variations 
in the terms affecting both k' and k” as well as a degree of
non-stoichiometry existing in these natural materials. 
Impurity silicates would cause very strong digressions from 
the line, and even larger deviations would be caused by the 
inclusion of non-silicate oxide species. The most common of 
these contaminating species must be water, which would cause 
the experimental point to be displaced downwards from the 
stoichiometric line. The Nesosilicates (island type) appear 
to have the greatest depression below the theoretical line; 
minerals 3, 5, 7, 8 , 15 and 17 are of this type, and of 
these, only mineral 15 is above the stoichiometric line.
Fig.3 .17 COMPARISON OF NORMALISED OXYGEN TO SILICON 
PEAK INTENSITIES FROM SILICATE MINERALS IN 
Zr La XPS.
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In these minerals, the SiO^ tetrahedra act as independent 
units within the structure and cations balance the charge; 
interstitial sites are present, however, and may contain 
water or hydroxyl groups.
From the graphical analysis (fig. 3.17) the proportionality 
constant k,M can be determined for the Zr La XPS of silicates, 
giving:
I . N .Si KLL _ , „  Si
I N
0  1 s 0
3.5.2 Effect of Contamination on Relative Peak Intensities. 
from Aluminosilicates
The intensities of the Si and Al Is and KLL Auger peaks
from a contaminated aluminosilicate will be attenuated by
varying amounts depending on their individual IMFP values. The
dependence of IMFPs on electron kinetic energies for electrons
passing through SiO^ has been determined (section 3.4.4); but
this is unlikely to be correct for an organic or hydrocarbon
(43)
contamination layer, and the correlation determined by Seahv 
may be used.
Peak attenuation by a contaminating overlayer of
thickness d(nm) is I J 1K o
where I = I exp(-d/Asin0)
-0*5= I exp(-36*6 d )
For aluminosilicates (see fig. 3.18)
I
and KLL
k e Xp(-36-6d(E-0-5 - E ^ 5 )si)
= k' exp(-36-6d (E^ 5  - E ^ ’5 )^)
'Al
Combining these, and taking k=kT within experimental error:
= exp( 36 • 6  d ( E~~^  * ^  -E~^ * +E~*^  * -E_<^  * ^  ) )P*  ^ Si Is Si KLL Al KLL Al Is'
Thus : IKLL\ , ~KLL\ ,N= exp(1•019 d)
Is /Si I Is /Al
By plotting the experimental ratios (  ^s ) 5  ^ against
( P , t / I,. ) it is possible to compare graphical positionsK.LL J S i\ JL
w.ith the theoretical ratios at varying thicknesses of
o
contamination, d (fig. 3.19); d appeared to vary from 2-9A.
The layers are thicker than those observed on the fluorides 
used in the Si Ka cross section determinations (fig. 2.18) 
for two reasons. Firstly this Zr La work was performed in 
a V.G. ESCA II with a poorer vacuum than the ESCA III mk. 2 
used for the Si Ka work. The ESCA II also had a poorer 
overall sensitivity function than the ESCA III, making 
longer analysis times necessary, and hence thicker 
contamination layers were formed. Nevertheless most
o
minerals were analysed with contamination layers of 4+2A, 
which is of the order of one hydrocarbon monolayer.
Large deviations from the theoretical line are 
associated with inhomogeneities between Si and Al, below 
the contamination, and are equivalent to the variations in 
the XPD ratios at one angle for a number of different 
minerals.
3.6 Comparison of Si and Al Auger Parameters
It has been established that the shifts of core electron 
binding energies relative to those of Auger peaks from the 
same spectrum are a measure of the extra-atomic relaxation 
change experienced by the atom between the singly and doubly 
charged core hole states
A(E(K) - E(KLL)) = *AEear
For aluminosilicates, the silicon and aluminium Auger 
parameters will depend on the polarizability of the oxygen 
anions surrounding both Si and Al.
AEEAR = kAao
Two separate studies were made of Si and Al Auger 
parameters.
3.6.1 Silicon and Aluminium, Oxides and Metals
The Auger parameters of the metallic species (1413#9eV 
for Si and 910*8eV for Al) are the highest values measured, 
as expected, since the conduction band electrons can flow 
in to screen the doubly charged ion after Auger emission. Few 
other measurements have been made between KLL and Is peaks 
for these species, but Klassonfs measurement for Si (table 3.1
Fig. 3.18 PHOTON EMISSION FROM ALUMINOSILICATES: 
INELASTIC MEAN FREE PATHS
/ '
V V
/ ' / ' V
h
J
Si Is
L  j
*A1 Is
L  »Al KLL
Si KLL 
V
CONTAMINATION 
* THICKNESS
ALUMINOSILICATE
Fig.3.19 COMPARISON OF KLL AUGER TO Is PEAK AREA RATIOS 
OF ALUMINIUM AND SILICON IN MINERALS.
5*0
2 1  CONTAMINATION
THICKNESS
o
J3 9A
4 • O
r-\
7A
** 3*0
if)
<
woc
<
>
H 2 - 0
<
JPJ
OC
6 A
5A
• 26
4A
•24
192A
TA
0*0
3*02*01*00*0
RELATIVE AREAS : Al(-rr^)' Is '
provides a value of 1414*5eV. This is 0*6eV higher than
measurements in this work; the Auger parameter for SiO?
from Klasson et al.1s work is 1410*5, which is 0*5eV
higher than the corresponding value in this work. The shift
in the Si Auger parameter from Si to SiO^ is agreed to be
3.9eV- and the shift of the Auger parameter from Al to Al 0^
(13 5 }is 3 *5eV (table 3.6). Carlson et all ' measured metal - 
metal oxide shifts of KLL peaks for Mg, Al and Si, and l.s 
core levels for Mg and Al; the corresponding Mg and Al Auger 
parameter shifts are 4.8eV and 4.4eV, leading to an assumed 
Si Auger parameter shift of approximately 4.0eV. This fall- 
in Auger parameter shift is partly due to the reduction in 
extra-atomic relaxation energy experienced in the metallic 
states from Mg to Si as the conduction band becomes more 
strongly localised and less efficient at screening the core 
holes generated by photoemission.
3.6.2 Silicates and Aluminosilicates
The shifts in Auger parameters, although large between 
metal and oxide for Al and Si, were much smaller among the 
oxide and silicate structures that were to be studied.
Peak positions, especially for the Is core levels, could not 
be measured more accurately than to within + 0*3eV with the 
prototype x-ray source. Despite this problem, some systematic 
trends were apparent from this early work.
Fig. 3.20
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From fig. 3.20, it can be seen that the Si and Al Auger 
parameters change by similar amounts from compound to compound 
and the decrease in both in going from the elemental states 
through oxides to aluminosilicates is indicative of a drop in 
extra-atomic relaxation energy in this direction. Both 
structural and chemical differences take part in these energy 
changes. For example, the high concentration of less polarizabl 
hydroxyl groups in kaolinite (Al^Si^0 ^Q(0 H )^ ) reduce both the 
Al and Si Auger parameters below that of their respective 
oxides by about leV for the series of natural kaolins studied. 
The Muscovite Micas were found to be well separated from the 
kaolins studied, indicating greater relaxation in the micas; 
on hydration, the mica was found to have Auger parameters 
similar to those of the kaolins. The artificial molecular sieve 
had a much lower Al Auger parameter than that of the oxide, 
showing the Al to be hydroxylated. For Si, the Auger 
parameter remained constant, suggesting that the Si and Al wek 
in widely differing structural sites in the molecular sieve.
From the early study using the prototype x-ray source, 
it was concluded that:
Within the silicate group both Al and Si parameter shifts 
were observed.
These were found to depend in part on the local distribution 
of hydroxyl groups or water molecules with respect to the 
silicate and aluminate groups and charge balancing cations.
With the friction welded Zr anode x-ray source, accurate 
Si, Al and Mg photoelectron and Auger peak positions were 
determined for 30 silicate minerals (tables 3.9 & 10). Auger 
parameters as defined by equation 3.20 were calculated for 
Si, Al and Mg, and plotted against each other in fig. 3.20 
and 3 .2 l.
A„ = E„(ls)_ + Er.(KLL)„ - hv Equn. 3.20Z B z, K Z
The spread of each of the peaks measured was no more than 4eV
including static charge shifting and so the range of Si, Al
and Mg Auger parameters reflect these small shifts. Despite
this handicap accurate peak energy determinations are believed
to be accurate to within +0*leV.
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Plotting the Si versus Al Auger parameters for the range 
of Aluminosilicates studied shows that two linear dependencies 
are followed. Thirteen of the seventeen aluminosilicates 
follow a diagonal linear relationship, and for these minerals 
the Al is in the tetrahedrally co-ordinated sites, similar 
to those of Si. The four minerals that follow the vertical 
line with the Si Auger parameter independent of the Al 
parameter are known to contain Al in octahedrally co-ordinated 
sites.
The gradient of the main axis is (A A (Si )/AA(Al) )=0* 35 , 
and this may b€? compared to the Si to Al ratio for othe?r 
atomic and ionic properties. The first choice for comparison 
is the polarizability of Si and Al, as this is a measure of
the deformabilities of their electron clouds by an electric 
field, and is dependent on the sizes of the atoms.
3.6.3 Comparison of Electron Polarizability with Auger
Parameter Ratios
1) Pauling’s Theory
(109) . pPaulingv ' suggested that the polarizability aA of an
atom is defined by:
In (5n6 -7n4 )(21+1) 
ap = O ‘281 I , ,4 Equn. 3.21
P 0  ^ ^ n l )
where n and 1 are the first two quantum numbers
a , is a screening factor nl ^
2) Slater’s Theory
S l a t e r )suggested that the radius of an orbit of quantum
number n was equal to:-
(n2a )
aP = K -^"_sy Equn. 3.22
where K = 4*5 for n=l, 1.1 for n=2, 0*63 for n=3 
S is a screening factor
It is possible to calculate the polarizability of an ion
by a number of methods and table 3.16 compares the values for 
3 4 . 4+Al and Si by Pauling’s and Slater’s methods with the 
experimentally determined Auger parameter ratio
Table 3.16 POLARIZABILITY AND AUGER PARAMETER RATIOS FOR
Al AND Si
I ON p _ _ . (109) a Pauling '1 '
p A
p . (147) a Slaterv 0 3 '
s A
(A ./A ) Experimental
jl
a i 3+ 0-052 0 - 1 2 -
Si4+ 0-0165 0-08 -
si4+ 0-317 0-667 0-35
a i 3+
The large difference in the theoretical polarizability ratios 
reflects the different approximations used in the two 
theories. The Slater rule is generally less suitable since 
it does not differentiate between 2 s and 2 p electrons etc. 
From the close fit of Pauling’s theory to the experimental 
determination, it does appear that there is a strong 
dependence of the extra-atomic relaxation energy available 
to an ion on the electron polarizability of that central 
species. Other trends can be noted from the Si and Al Auger 
parameter plot, and these are related to the structural 
families to which the individual silicates belong.
3.7 Discussion of the Relation of Si and Al Auger Parameters
to Silicate Structure
NESOSILICATES (Island Structures)
Of the 7 nesosilicates studied (table 3.7) only 4
contained Al. Three of this group contained Al in the
4-octahedral co-ordination sites between the SiO^ tetrahedra, 
and closely followed the vertical ’octahedral* line in 
fig. 3.21. Only Andalusite (Alo(0Si04 )) contained non- 
octahedral Al, but this mineral is polymorphic with both 
Kyanite and Sillimanite.
Andalusite , Kvanite (Al^OSiO^) )
Both minerals occurred at the ’’crossing point” between
tetrahedral and octahedral lines in fig. 3.21. This is an
area where minerals with mixed Al co-ordinations of 4, 5 and
6  occur. Andalusite and Kyanite form a polymorphic series
with Silimanite where Al occurs in mixed and varying
co-ordination while the Si is always in tetrahedral sites.
These differences are reflected in the Auger parameters for
these species, which are strongly affected by changes in
co-ordination (see table 3.17) „ , , _v ' Table 3.17
Al 2 0(Si04 ) SILICON COORD. 
4
A( Si ) 
eV
ALUMINIUM 
4 5
COORD.
6
A( Al) 
eV
KYANITE 1 0 0 %. 1410* 2 - - 1 0 0 % 906*45
ANDALUSITE 1 0 0 % 1410* 2 - 50% 50% 906* 1
SILLIMANITE 1 0  0 % - 50% - 50% -
The unusual co-ordination of half the Al ions in 
Andalusite may be the cause of the shift in A(A1). The 
reduction in the number of charge screening 0  ions from 6  
to 5 will lead to a reduction in the polarization energy and 
extra-atomic relaxation associated with the Al sites. The 
structural 0 linkages associated with Al in 5 co-ordination 
are asymmetric, leading to a permanent dipole moment:
Fig. 3.22 ANDALUSITE
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The direction of polarization in Andalusite would be roughly 
along the x-axis, but inclined downwards at 45° to the xy plane.
In Kyanite there are chains of Al - 0 octahedra linked 
together by the remaining Si, Al and 0 atoms. All the Al are 
symmetrically co-ordinated as in fig. 3.23 
Fig. 3.23 KYANITE
Kyanite has the most compact structure of the three polymorphs 
again helping the screening of core holes with extra-atomic 
relaxation of the electron clouds on the surrounding oxygen 
ions. Andalusite is characteristic of thermally metamorphised 
rocks, and is unstable under pressure. Generally tetrahedrally 
co-ordinated Al is promoted by increasing temperature, and 
Al replaces Si in metamorphic rocks. Octahedrally co-ordinated 
Al is indicative of higher pressure metbmorphism.
STAUROLITE (Fe,Mg)pAl 0 (Si04 )4 (0)
This mineral had the highest Silicon Auger parameter
2 _
(1411*2eV) of all the silicates investigated. The 24 O ions are in 
three completely different lattice sites; two of these sites 
are equivalent to those found in Kyanite. Two Staurolite unit 
cells incorporate structures similar to two Kyanite unit cells. 
Fig. 3.24 STAUROLITE
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In Staurolite the Kyanite structure is broken up by the 
insertion of Fe and Al ions, and the presence of iron (both 
ferrous and ferric) into this silicate is the main influence 
on the Si Auger parameter. The donation of 3d electrons from 
the iron tb the SiO^ tetrahedra allows a greater amount of 
charge to be distributed around the Si and so, greater 
extra-atomic relaxation energy and higher Auger parameter. 
The Al sites are possibly screened from this extra charge
by the compressed shell of octahedrally co-ordinated oxygen.
2 +  ■ . . . .The Fe ion is found to influence Almandme m  a similar
way : -
ALMANDINE Fe Al (SiO.) „
3 2 4 3
Almandine is a member of the Garnet family with the
2+independent silica tetrahedra held together by the Fe ions
2- . 3 +surrounded by eight 0 ions and by Al surrounded
2—
octahedrally by 0 ions. Again a high Si Auger parameter of
3+1410*6eV is observed and the Al efficiently screened by
2-
the octahedral co-ordination of O ions.
CYCLOSILICATES (Ring Structures)
Ring silicates are more complex than island or chain 
silicates, and are less common than either because they 
’grow’ only under unusual conditions. They are less stable 
when formed. Each silica tetrahedron shares two oxygen ions 
with adjacent tetrahedra and positively charged ions hold 
the structure together by weak bonding to the free oxygen 
ions in the tetrahedra. Both Beryl and Cordierite have 6  
members in each ring.
CORDIERITE, Mg2 A13 ((Al,Si5 )018)
In Cordierite one tetrahedrally co-ordinated Al is a
member of the six cornered ring, and the rings are joined
to each other by one Al in 4 fold co-ordination and one Mg
3+in 6  fold co-ordination. Two Al ions are tetrahedrally 
co-ordinated and two are octahedrally co-ordinated in 
cocdi.eri te, however only one of the tetrahedral sites is 
equivalent to a Si position, and that is the Al in the ring. 
The co-ordination experienced by the Al appears to be more 
important than whether or not an Al site is an Si equivalent. 
So, from the proximity of Cordierite to the diagonal line
in fig. 3.21 all tetrahedrally co-ordinated Al is shown to 
have equal influence on the Al Auger parameter.
BERYL Al 2 Be3 (Si6 018)
This ring structure is simpler than that of cordierite 
as the ring is composed only of silica tetrahedra and the 
Al ions interact outside with three rings each.
Fig. 3.25
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The six membered rings are arranged in sheets. The Al ions 
are all in the 6  fold co-ordination state behaving as 
ordinary metal cations; consequently Beryl has a high Al 
Auger parameter. In comparison, the Si Auger parameter is 
one of the lowest measured, at 1409*7eV, and this may 
reflect the electronic strain caused by the rigid ring 
structure with charge being forced outwards from the 
tetrahedra, reducing the amount of screening and extra-atomic 
relaxation for the Si species.
PHYLLOSILICATES (Layer Structures)
2-
In layer silicates each SiO^ tetrahedron shares 3 O 
ions with adjacent tetrahedra producing sheets extending 
indefinitely in two directions. Hexagonal holes between the 
sheets are occupied by hydroxyl ions, and the net single 
negative charge on the unshared sheet oxygen is balanced 
by interlaminar metal cations. Serpentine Mg^Si^O^(OH )^  and 
Kaolinite Al^Si^O^(OH ) 4  are examples of twin layer silicates 
with a negatively charged, tetrahedral silicate layer 
alternating with a Mg or Al~ octahedral layer respectively. 
Both types of layer contain hydroxyl ions; some of which 
shield the positive ions and stabilise the whole structure. 
Hydrogen bonding holds the sheets together. Talc 
(Mg3 Si4 0 1 J O ^  and Pyrophyllite (A ^ S i ^ O ^ O H  ) ^ ) are the
equivalent three layer silicates, and this group also 
includes the Micas. Here two tetrahedral layers are separated 
by a cationic octahedral layer, and for Talc and Pyrophyllite 
the triple layer unit is electrically neutral, relying on
Van der Waals forces for structural stability. In the Micas
3+ .
Al has replaced Si m  the tetrahedral layers and so
K ions are usually found between the sets of triple layers
as charge balancing cations.
Five phyllosilicates were studied by Zr La XPS; only
two contained A l : Muscovite Mica and Pyrophyllite.
PYROPHYLLITE Al„ ( (OH ) „Si .0_ )------------- 2 v ’2 4 10'
This mineral is composed of the same triple layer
structure as Talc, except that only two thirds of the
3 +octahedral sites are filled and m  this case by Al ions 
fig. 3.26. The Al Auger parameter indicates an octahedral 
environment around that ion and the Si Auger parameter is 
also high and approaching that of Talc (table 3.8)
Fig. 3.26
\ 1 V  . / ' v ,
6 0 
4 Si
4 0 + 2(OH)
H  V k  4A1
/ V  i
</ ^  40 + 2( OH )
4 Si
Groups around Si
BOND
MUSCOVITE MICA KA1 (Si^Al )0 (OH )
Apart from silica, Muscovite Mica is probably the most
widely investigated mineral; it has been studied with
XPsS1 4 8 ,1 2 0 ,1 2 3 ,1 4 9 )aES, ( 1 5 0 ’ 1 5 1  ) lEEdJ152) and SIMS^153,:L54^
Atomically clean Muscovite surfaces can be prepared by
cleavage of the mineral in vacuum!^34  ^ There is some doubt
over the position of the cleavage plane in the structure
of the Mica. The conventional crystallographic description
assumes cleavage occurs at the (0 0 1 ) K+ charge balancing
plane, and that below this level the atomic structure
remains undisturbed (fig. 3.27). This view was confirmed by
the LEED analysis of cleaved Muscovite by Muller and Chang!^32^
in addition, they found that the K+ ions are equally, but
randomly shared between the two new surfaces, which can
(153 154)easily reheal together. SIMS analysis' ’ ' on Muscovite
Mica was discussed in terms of this structure, although the
39 +relative intensity of the K species dropped on cleavage
compared to the original contaminated surface. This decrease
+ .in K ions was assumed to result from an excessive K
concentration on the contaminated surface. An alternative
explanation resulted from the x-ray photoelectron diffraction
_zr , ,(120,123,149)studies of many layered silicates by Evans et ali; '
3 +this was that the cleaved surface contains an excess of A1 
ions which have transferred from octahedral to tetrahedral 
sites. The excessive substitution of A1 for Si in 
tetrahedral sites was then thought to cause the strain and 
distortion which resulted in cleavage in unusual structural 
regions. Despite these contrary conclusions, most 
experimental measurements still lead to the K+ layer being 
identified with the cleavage plane, as it is structurally 
the only feature unique to the layer silicates that can 
explain their physical properties.
Fig. 3.27 MUSCOVITE MICA
o  o  o  o  o K+
Cleavage Plane— > _ 2-
The structural position of the cleavage plane in
Muscovite Mica would not have a great effect on the high
energy XPS Auger parameter measurements, as the escape
depths of the photo and Auger electrons are 2-4 times the
layer repeat distance(10A). As a result, the Auger paramete
measurements are characteristic of the bulk mineral; Evans
ai(1 2 0 ) sjlowecj by XPS that this structure was homogeneous
3+over the depth of analysis. In the bulk structure the A1 
ions are shared between tetrahedral (l/3) and octahedral 
(2/3) sites. In fig. 3.21, it can be seen that both the A1 
and Si Auger parametefs are lower than the values at the 
octahedral/tetrahedral crossing point. The A1 Auger 
parameter is shifted towards the octahedral from the 
tetrahedral value by 2/3 of the difference between the two, 
for an Si Auger parameter of 1410*leV. Higher resolution 
XPS would be expected to detect the two A1 states, 
octahedral and tetrahedral, by the determination of two 
Auger parameters. Both the Si and A1 Auger parameters will 
be reduced by the close proximity of OH ions to both 
octahedral and tetrahedral sites; this effect was confirmed 
by earlier mica hydration experiments (fig. 3.20).
TEKTOSILICATES (Framework Structures)
In three dimensional silicate networks, every SiO
2-  .tetrahedra shares all its corner O ions with adjacent
tetrahedra, so that the units have lost all residual 
negative charge; except when Al^+ replaces Si^ "*" in 
tetrahedral sites. By the nature of the tetrahedral 
bonding, all tektosilicates have open crystallographic
structures with interstitial sites which can accomodate
3+ .4+ .large cations. In addition, when A1 replace Si ions,
extra cations are required in adjacent interstitial sites 
to give an overall neutral structure with formula
M^ZA1 Si 0 where Y = ^ Equn. 3.23
Y X  -L —X. /L
As virtually any sized cation, including all the 
alkali metals and alkaline earths, can fill interstitial 
sites and since there is a range of possible framework 
structures, a large number of framework silicates are 
found in nature. The simplest and most common are members 
of the SiO^ group, including a wide range of Quartzes. The
representative minerals with framework structures are the 
Feldspars which correspond to the formula 3.23 with M = Na,
K, Ca, Ba, Sr or Pb. The cations lie in tunnels between 
the linked aluminosilicate structures, and are held by
electrostatic force arising from replacing 1 in 4, or 2 in 4
. 4 “h 3 4“ . 4“Si with A1 m  the tetrahedra. A wide range of M = K
feldspars are known and are distinguished by differences in
the degree of A1, Si ordering, in the tetrahedral sites; the
order decreasing with temperature.
Microcline (K(A1,Sig)0g) is the most common potassium
feldspar and was analysed in this work. Both Albite (NaAlSigOg)
and Anorthite (CaAl^Si^Og), which are members of the
Plagioclase Series, were studied, in addition to an intermediate
PIagioclase Feldspar ((Na,Ca)(A1,Si)^ Og).
Those tektosilicates deficient in silica are known as
Feldspartoids, and occur naturally in regions low in silica.
The most common are the potassium or sodium rich minerals
such as Sodalite (NagAl^Si^O^^Clg) ) , which was investigated.
One of the most exciting new inorganic materials to be
developed in recent years has been the Zeolite group, which
are all complex tektosilicates. Some 22, well defined,
naturally occurring species are known with this hydrated
aluminosilicate structure. In these minerals the channels
and cavities have dimensions which allow both hydration
and dehydration, without structural damage, while ions in
solution can reversibly replace charge balancing cations
such as Na+ and Ca+ (depending on the conditions). This ion
exchange property has become so important that ’tailor made'
artificial zeolites are now manufactured to increase the
efficiency and specificity of chemical reactions. Two
naturally occurring zeolites, Natrolite (Na^Al^Si^O^Q)•2 HgO)
and Stilbite (Ca(AlgSi^O^g)•7H2 0 ) were examined in this work.
The Auger parameters from all the tektosilicates
investigated, except silica, were reduced to lower values
2 -
indicating a lower level of screening from the O ions
3+ 44-surrounding the A1 and Si. This lower level of screening
and lower extra-atomic relaxation energy is directly due to
2 -
the reduced polanzability of these 0  ions, as a result of 
being completely shared between two adjacent tetrahedral
sites. In simpler silicate structures, it was found that a 
net negative charge remained in the tetrahedral sites, and 
this could be channelled towards the central ion on 
photoionization; thus increasing the amount of screening 
and extra-atomic relaxation. This is not the case for 
tektosilicates where no net charge remains, and the overall
result is a reduction in both A1 and Si Auger parameters.
. . 3 +In all the tektosilicates, A1 fills only tetrahedral
. 4+sites where it replaces the Si ions; the Auger parameters
closely follow the diagonal (tetrahedral) line from Stilbite
up to Anorthite.
MICROCLINE (K(A1,Si3 )0g)
This is the most common potassium feldspar, and has
3 +an ordered distribution of A1 among the tetrahedral 
sites, see fig. 3.28 below.
Fig. 3.28 MICROCLINE
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Microcline has the iowest Si and A1 Auger parameters of all
the true feldspars studied. This is expected because an
electrically more rigid structure results from the stronger
*4“ —
dipoles occurring between the K and (Al,Si3 )Og groups, than
with other cations because of the large difference in
electronegativity, which decreases the overall amount of
. 4 4 -electron polanzability observed by the central Si and
3+ . . .A1 in Microcline. This increased dipole strength reduces
the A1 and Si Auger parameters in a similar way to the
hydration of a silicate structure already observed.
PLAGIOCLASE SERIES FELDSPARS
Anorthite Ca(Al0Si )0o
Z Z o
Plagioclase Ca(Al^Si^)0g,Na(A1>Sig)0g 
Albite Na(Al,Sig)Og
The Plagioclase series include the whole solid solution 
range formed by successively replacing CaAl with NaSi;
Anorthite and Albite are two end members in the three 
component feldspar series.
Fig. 3.29
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The important effect of the electronegativity of the charge 
balancing on the polarization energy and Auger parameters, 
already inferred in the study of Microcline, can be tested 
on the three members of the Plagioclase series measured 
together with their relation to the Microcline feldspar.
By using the Pauling electronegativity scale it is 
possible to determine bond ionicities and the changes in 
the dipole moments between the charge balancing cation and 
the nearest 0  ion associated with the tetrahedral site.
Pauling Theory defines the Dipole Moment 
fi( debye) =
and the Ionicity (percent) as:-
16 1*0 - Xl\ + 3-5lXo - Xc|2
p pwhere XQ and Xc are the Pauling electronegativities for O 
and the charge balancing cations respectively.
Table 3. 1 8  CHANGES IN FELDSPAR PROPERTIES WITH CHARGE BALANCING CATION
MINERAL CATION C-0 DIPOLE IONICITY A(A1) A(Si )
MOMENT % eV eV
(Debyes)
25 Microcline
+
K 2  • 6 65-3 0 0
2 2 Albite ■ihNa 2*5 61 *9 0 - 8 0 • 3
27 Plagioclase Na+ ,Ca2+ 2*45 60* 2 1 • 1 0*4
24 Anorthite Ca2+ 2*4 58* 6 1*3 0*4
It can be seen from table 3.18, that as the dipole moment 
and ionicity between the tetrahedral site oxygen and the 
charge balancing cation decrease, then the polarization
energy associated with the double ionization of the 
tetrahedral Si or A1 increases without exception. The A1 
Auger parameter shift for the feldspar minerals, compared 
to the shifts for the associated Si Auger parameters, 
closely follows the same trend as the other tetrahedrally 
sited Al,Si pairs; that is:
Feldspars) 0*345
This compares well with the general tetrahedral ratio of 
0*35.
SODALITE (Nao(Al^Si^0„„)C10)--------  v 8  ^ 6  6  24y 2'
This feldspartoid mineral is deficient in Si, the
• 3+ *fvacant tetrahedral sites being filled by A1 ions. The Na
and Cl ions are interspersed among the inner and outer
tetrahedral rings of the sodalite structure.
Fig. 3.30 SODALITE
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The electric fields influencing each of the tetrahedra will 
be similar to those in Albite, which is confirmed by the 
close agreement of the Auger parameters. The well defined 
increase in both parameters is a result of the more open 
structure (specific gravity 2.3 instead of 2.6) and presence 
of the large electron rich Cl ion around which the 
tetrahedra are fixed. Electrons from the Cl ions are 
available to flow into the Si or A1 site during the Auger 
process, slightly increasing the Auger parameters over 
those in Albite.
ZEOLITES
Natrolite Na^AloSio0 _  • 2Ho0Z D 1U Z
Stilbite CaAl2Si701Q•7H20
The zeolites are a group of framework silicates in which 
the large voids between the lattice tetrahedra forming the
■f* 2
structure can accomodate Na and Ca as charge balancing
cations, and also as a means of stabilizing the structure.
The molecular sieve properties of zeolites are controlled
by the structural dimensions of the rings of tetrahedra
making up the skeleton of the lattice.
Zeolites are divided into those with cage type
structures, such as Stilbite, and those with a fibrous
structure, which include Natrolite. Stilbite had the lowest
Si Auger parameter, 1409*5eV, measured from a silicate
mineral. This low Auger parameter indicates a low
polarization energy, due to the high level of hydration
of the Stilbite lattice with 7 water molecules per unit
cell. As an indication of the effect of hydration on a
lattice, comparison can be made between Stilbite and
Anorthite; the chemical formulae are similar, but there is
a difference of 0*5eV in the Si Auger parameter.
The structure of Natrolite is based on a special
chain of tetrahedra running parallel with each other,
creating the fibrous character. The chain unit is repeated every
o
five tetrahedra, in a distance of 6 *6 A; giving the
A1 Si 0in structural unit in the formula. Each chain is 2, J 1U
linked laterally to neighbours by sharing oxygen atoms which 
produces the open framework structure. Not all the cation
sites are occupied, but those that are filled contain
+  2-Na ions surrounded by 40 ions and 2H 0 molecules at a
o .
distance of 2*5A. On the opposite side of each H O  molecule
2 -from the cation are 2 0  ions associated with the tetrahedral 
framework and to which the positive ends of the H^O dipoles 
are directed.
Natrolite has the highest Si Auger parameter of the 
three sodium aluminosilicates studied, and with an A1:Si 
ratio of 2:3, its negative tetrahedral charge is halfway 
between that of Sodalite (3:3) and Albite (1:3). For this 
reason it would be expected to have polarization energy 
intermediate between the latter silicates. Sodalite cells 
contain 8 Na+ ions, which bond to the Cl ions and reduce 
the polarization energy associated with Si in Sodalite 
below that in Natrolite.
3.8 Summary
1) The Si and A1 core level binding energies from conventional 
XPS on silicates are not suitable, on their own, to determine 
surface chemical states because of: small chemical shifts; 
lack of suitable charge referencing, and low sensitivities.
2) Zr LOC x-rays (2042-4eV) excite strong Is, KLL and KLV 
photoelectron and Auger peaks from Si and A1, to provide 
accurate Auger parameters.
3) The Si Is from the metal and oxide are 1839-8eV andl844-0eV 
respectively, while the Si^ .. T positions are 1616*5eV and 
1608*4eV respectively. The Si Auger parameter shifts by 3-9eV 
between metal and oxide.
4) The area intensity of the Si K L ^ V  Auger peak is proportional 
to the Si valence band density of states. This density is 
proportional to the extra-atomic relaxation energy and Si Auger 
parameter, whose minimum value is determined as 1407-68eV.
5) The inelastic mean free paths, X, of electrons through 
silicate structures is determined from the electron KE (E) by:
X (A) = 0-386 E° ‘ 6 0 8  (eV)
6 ) The ratio of the Auger parameter shifts AA(Si )/AA( A 1 ) in 
silicates is close to the (Pauling) polarizability ratio: 
a(si )/a (Ai).
7) The values of AA(Si) and AA(A1) in silicates are also 
strongly dependent on the chemical and structural nature of 
the lattice, particularly the presence of strong dipole 
moments and electronegative ions.
CHAPTER 4 AUGER PARAMETERS & POLARIZATION OP SILICATES IN
Zr La XPS
4.1 Introduction
The Auger parameter measurements from each of the 30 
silicate minerals (table 3.9) correlated very closely with 
their refractive indices. This observation associated the 
extra-atomic relaxation energy from the Auger parameter with 
the polarizability of the silicate structure via the 
resultant polarization energy. The oxygen polarizability 
was found to dominate the silicate structure and 
controlled the bulk polarizability, refractive index 
and Si Auger parameter. The oxygen polarizability 
in turn depended on cation electronegativities, bond 
distances and coordination states. The dependence of silicate 
polarization energy on the polarizability of the individual 
ions is found to be strongly linear, and was defined by 
the London force interaction theory.
4.2 Auger Parameter and Refractive Index
The correlation of the Si Auger parameter with bulk
refractive index for a wide range of silicate minerals was
found to be strong (fig. 4.1). The uncertainty in the
refractive index data made it difficult to determine the
absolute relationship between the two quantities, and a
better fit over the refractive index range was found by
2 2plotting A  ^ against (n -l)/(n +2) (fig. 4.2). This association 
between an atomic and a bulk parameter was exploited to 
gain a deeper understanding of the silicate structure.
The Auger parameter A was originally defined by Wagner 
for the X shell core level and XYZ Auger emission by:
A = E (X ) -h Et.(XYZ) - hv Equn. 4.1
ID K.
In chapter 1 this was shown to reduce to:
AA = 2 A E e ar Equn. 4.2
where A E ^ ^  is the change in extra-atomic relaxation energy 
associated with the screening of the final two hole 
Auger state.
The extra-atomic relaxation energy differences are attributed 
to changes in the amount of relaxation of the valence band
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electrons and their relative populations. The amount of
screening which these electrons provide for the two hole
state compared to the one hole state determines the Auger
parameter. In insulating materials such as silicates, this
relaxation process has a long time constant compared to the
Auger process, resulting in a reduction in the measured
Auger parameter compared to the well screened metal, silicon. 
(29)Wagnerv ' defined the extra-atomic relaxation energy
from the Auger parameter in terms of the polarization energy
/ 2 3  ^
equation of Mott and Gurney'1 ' :
e^ 1
EEAR “ 2r t1 “ Equn. 4.3
where e is the ionic charge
r is the minimum electron screening distance radius
K is the dielectric constant of the medium at high
frequency
Equation 4.3 was derived by Mott and Gurne^^ from the 
energy required to remove an ion from the lattice (leaving 
a hole) and can also be applied to the addition or removal 
of an electron from the structure. Its use for structures
as complex as silicates is limited, as the variations in
screening distance with different lattice sites are averaged 
out. The theory assumes that the remaining vacancy is 
treated as a spherical cavity in a continuous medium of 
dielectric constant K; this is not realistic for a complex 
silicate structure.
Earlier studies of the structural dependence of the 
Auger parameter have been made on simpler diatomic compounds 
where the inter-atomic forces and fields are well defined.
The information gained from these simpler structures helps 
to understand the processes in more complex silicates.
4.3 Auger Parameter Studies of Simple Structures
4.3.1 Sodium Halides
The Auger parameters from Na in sodium halides were 
measured by Kuroda et a l ^ ”^  and it was found that the 
extra-atomic relaxation energy was equal to the energy of 
polarization of the nearest neighbour ions.
The polarization energy term was derived from an
equation by Basolo and Pearson^1 ^
E = _ + np.pl + m±f + n&
pol 2 _ 3 _ 9^ r 2r 2a r
Equn. 4.4
where n is the number of nearest neighbour ions (4,6)
Aq is the charge change on hole creation (2e)
a is the polarizability of neighbouring ions
r is the inter-atomic distance
B is a constant defined by d E  , = 0 at rpol equilibrium
d r
b is the neighbour factor (1*15 for 4, 2*37 for 6)
2 2Substituting a(Aq) , and 2 _ cX (Aq)
^i 2,^ .ba, ^i ~~ 4,, ,bOU2
(1+7t )
We find: 
pol
E = _ + nba2(Aq)2 nO((Aq)2 nB
E ”  r2 2r7 (1+^ ) 2 2 r \ n $ ) * * r 9 EqU" - 4-5
© © © ©
Equation 4.5 was not derived for an ionic salt, but for
aqueous ligands surrounding a central cation. For example 
2+an Fe ion, octahedrally surrounded by a hydration sheath 
Fig. 4.3
The terms in equation 4.5 can be defined as:- 
©  Ion - Dipole attraction
(2 ) Dipole - Dipole repulsion
(3 ) Energy required to form induced dipoles
©  Van der Waals repulsions between ligands and central ions
Kuroda et al. assumed that all four terms were incorporated 
into the extra-atomic relaxation energy, as measured by the 
Auger parameter. The net energy released by generating a 
dipole and attracting it to the ion is mostly used in 
repelling the other dipoles.
Simplifying equation 4.5 gives:
Epoi = ' ^ AV -  (P  + »*) + £f Equn. 4
p o 1  2 r (1 + ^ )  r
2
_ -naAq nB
o o l  4    ”9 Eq *p 2 r +2 bar r
~ _ Aq^ bt , ( 4r3 +bo0 r3  N _
where B = —Tn— ( — 0--- o— ) > r — r . . .18 (r3+bct)2 equilibrium
Equn. 4
Substituting: 0 4  2  2  7
-n( (50CAq /18r ) + (4ba Aq /9r ) )
p o 1  ( 1  + (ba/r3 ) ) 2
Equn. 4
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The dominant term in equation 4.9 is linearly dependent on
2polarizability,a , of the surrounding ions. The a term is
7
strongly reduced by the r factor. Fig. 4.4 shows this 
dependence for the sodium halides.
Substituting values into equation 4.9 for chemically 
simple compounds can give an accurate prediction of the
polarization energy. For example, for Silica, SiO we find
° °3 . .n = 4, Aq = 2e, r = 1-61A, b = 1*15, and <XQ = 1*39A f giving:
E ,(SiO_) = 2•26eV polv 2 J__________
4.3.2 Polarization in Zinc Compounds: Zn, ZnTe, ZnSe, ZnS
ZnO, ZnCl^ , ZnBr^
The linear dependence of extra-atomic relaxation
energy from Zn compounds with increasing dielectric constant
. . . (31)and decreasing ionicity was shown by Fiermans et ali ' With
completely ionic compounds all free charges become localised
on the anions and the extra-atomic relaxation towards a
cationic core hole would be minimized. Similarly Gallon^
tabulated the same zinc compound data according to the
refractive indices of the compound. This showed a rough
correlation, which was used to confirm the link between size
of dielectric constant, high frequency polarizability and
final state screening.
4.4 Polarization in Silicate Compounds
4.4.1 Si - O Bond
Comparison of the polarization in simple ionic salts 
such as the sodium halides with that in the complex, 
diverse structures of the silicates may not appear profitable, 
but strong similarities do exist.
Silicate structures have both ionic and covalent 
characteristics with both the extreme structures shown in 
fig. 4.5 contributing to the equilibrium structure.
Fig. 4.5
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The siloxane(Si - O - Si) bonds which form the basis 
of silicates have an average bond angle of 130° due to the 
oxygen lone pair electrons. As a result silicate models can 
be based on ionic radii in contrast to silicones, which 
need atomic radii and distance. The degree of ionic 
character of bonds in silicates was investigated by Verhoogen^^ 
using the overlap integral S.
S ( V V R ). = J dV Equn. 4.10
Pure ionic bonding gives S = 0, and pure covalent bonding 
S = 1. F y f e ^ ^ ^  calculated the overlap integrals for a 
large number of bonds, some of which are listed below.
Table 4.1 OVERLAP INTEGRALS FOR METAL-OXIDE BONDS
BOND S (ss) S ( sp) s (p p ) S(ps) S (tt tt)
Si-0 0-27 0-20 0-18 0-46 0*16
Al-0 0-25 0*13 0* 18 0*38 0*11
Mg-0 0-23 0*38 0* 12 0*09 0-10
Na-0 0-20 0*33 0-08 0*05 0*08
For Si - 0 and A1 - 0 bonds the terms as shown in table 4.1
suggest considerable overlap, especially S(ps) which describes
the overlap of a p orbital from Si (or A1) with a s orbital
from O. The shortening of the Si - 0 bond is attributed to
some double bonding associated with tt -  tt orbital overlap.
Despite these covalent terms, the physical properties of
silicates can best be explained on ionic grounds, with ionic
radii and neighbouring polarization effects. Ions are not
electrically rigid, but are deformable; by optical refractive
index measurements it can be shown that the oxides of Mg,
A1, Si and silicates can be considered as purely ionic.
2-
In silicates, the polarization effects of O ions
. 4+ 3 +surrounding central Si or A1 cations on the screening
of the cations is a very sensitive detector of structural
changes. The screening of the central cation results from
the neutralization of the cation's field in the smallest
possible volume. The polarizability of the surrounding
oxygen ions also controls the optical properties of the
crystalline silicates, especially their refractive indices.
2-
The electronic structure of the 0 anion is itself
controlled by the electric field strength E of both the
central Si4 *~ and Al2* cations, and of the cations sited on
the opposite side. In simple MO oxides, there is a strong
increase in the apparent oxygen molar refraction when the
cations vary from Be to Ba, because of the increasing
polarization of the cations with increasing size. Polarization
changes in complex silicates can be compared to the changes
in simple MX compounds; the only assumption being that the 
2-
0 polarizability varies with structure, as if it were a 
series of different anions.
4.4.2 Ion Contributions to Polarizability
Silicate structures are dominated both sterically and
electrically by the oxygen ions. Tetrahedral sites filled
4+ 3 +by small Si and A1 cations (r(Si )=0*041nm, r(Al )=0*050nm)
2-
are surrounded by four oxygen ions (r(0 )=0*140nm).
Similarly octahedral sites can be filled with cations that
34-are all smaller than the oxygen ion; for example r(Fe )=0*064nm, 
r(Mg2*)=0*065nm or r(Ca^+ )=0*099nm.
The electronic polarizabilities of many ions were 
determined by Tessman, Kahn and S h o c k l e y i n c l u d i n g  those 
which are important in silicate structures. It can be seen 
from table 4.2 that oxygen has the highest electronic 
polarizability of any ion normally found in silicates. In 
addition, the atomic concentration of 0 in silicates is 
invariably the highest of all the elements, due to its 
abundance and silicate lattice forming properties. Hence 
the oxygen dominance in the total polarizability of silicates;
94% in Microcline, 96% in Anorthite and 98% in Albite (see 
table 4.3).
Table 4.2 ION POLARIZABILITY : TESSMAN, KAHN & SHOCKLEY(160)
ION POLARIZABILITY (X3 )
si4* 0*0165
Al3 + 0*052
Ca2 + 0*47
Na* 0* 179
K* 0*83
o2- 0*0 ->3*2
Table 4.3 SILICATE POLARIZABILITIES (DATA FROM REF.160)
MINERAL FORMULA TOTAL POLARIZABILITY 
°3In.coCA )
<Xq2-
Xn .a .
1 1
Anorthite Ca(Al2Si208 ) 14*2 0-96
Albite Na(AlSi30 ) 13*9 0-98
Microcline K(AlSi308 ) 14*5 0 • 94
4.4.3 Range of Oxygen Polarizabilities
The electronic polarizabilities of the 0 ions in 
silicates is not constant, but varies with the type of 
cations which are its nearest neighbours. The range of 
values that (Xq _ can take in simple oxides is listed here
Table 4.4 OXYGEN POLARIZABILITY RANGE FOR OXIDES
OXIDE w * 3 >
CU2° 3-2
BaO 2*5
CdO 2*2
ZnO 2*1
Oc\ 2-07
SrO 2-0
CaO 1*8
s io 2 1*7
PbO 1*4
Sn°2 0*9
Tessman Kahn and Shockley^ obtained the set of
electronic polarizabilities a^, by fitting experimental 
refractive index data (n) to the Lorentz Lorenz equation:
a = 3Vm^n “ Equn. 4.11
m  3------
4n(n + 2)
where V is the molar volume, m
Individual polarizabilities are obtained by the simple 
polarizability addition rule:
a = I . a • Equn. 4.12m 1 1
Apart from the oxides of Ti, Zn, Cd and Hg, it was found 
that the 0 polarizability in simple oxides was directly 
related to the volume associated with the oxygen ion (VOJl_)
4.4.4 Cationic Effect on Polarizability
The changes in bulk polarizability, as shown in table
4.3 for feldspar minerals, which are mirrored in the 
refractive indices, are almost totally due to changes in 
the 0 polarizability. For these Feldspars, the changes are 
influenced by variations in the electronegativity and size 
of the charge balancing cation; as originally suggested by 
Plumat(161) ;
Fig. 4.6
Cation effects on oxygen polarizability were also 
studied by Ramberg^1^2  ^ in order to calculate the stability 
of silicates. Generally the larger the cation next to the 
oxygen anion, the more stable the silicate structure is with 
respect to the free oxides. A larger cation will provide a 
small electric field to asymmetrically polarize the oxygen 
anion and a more stable structure will be produced.
When a silicate is formed from free oxides, the
4 +  2—  2 +  2—Si - O bonds are strengthened, and the M - 0 bonds
are weakened; the former being a stronger process than the 
latter, and the net energy release making it a thermodynamical! 
favourable process.
[Mni  02"] + |s i4—---- 02“] ----- ---------------- 02 — S i4— 02“]+  AH
The net exothermic energy release on forming the stable
silicate is closely related to the oxygen polarization. It
increases with increasing polarization and with the stability
of the silicate.
The polarization of the oxygen also depends on the
4+ 3 +polarizing power of the central Si or A1 ion, which 
varies with the ratio of shared to unshared oxygen ions as 
the structure becomes more complex. Generally in silicates 
‘the polarizability of 0 ions surrounding the central cation 
depends strongly on the distance r Q to the central ion, 
but less strongly on the distance to the opposite charge
balancing cation because the distance is greater. When the 
central Si ion is replaced by an A1 ion a large change in 
0 polarizability occurs, due to the change in the ratio of 
electron charge held on the central ion to that held on the 
0 ion.
4.5 Determination of Polarizabilities in Silicates
4.5.1 Introduction
For a tetrahedral site the 0 polarizability in silicates
is usually large enough to saturate the screening tendency of
the Si4+ ion. Al^+ has a stronger contrapolarizing power, and
can form either tetrahedral or octahedral sites. The
2 -
polarization of the 0 ion by the three types of sites
4+ 3+ 3+(tetrahedral Si and A 1, and octahedral A1 ) will be
different, and will affect the dependence of polarization
energy E on the 0 polarizability a .
pol V*
The aim of this work was to experimentally determine
the 0 polarizability of 30 silicate minerals, and so
investigate the factors that affect it and hence relate
polarizability and relaxation energy. The stages followed
were :
Site polarization energy determination (E from Auger
parameter data.
Bulk silicate polarizability ((Xg) determination from 
refractive index data and the Lorentz Lorenz equation. 
Oxygen polarizability (aQ2_) determinations for SiO^,
Al^O^ and Ca(Al2Si20g ) to calibrate EpQl dependence on 
(Xq 2_ for the three types of sites.
Determination of the 0 polarizabilities for the three 
types of sites in 30 silicate minerals.
Comparison of the bulk polarizability calculated from 
0 polarizability and Auger parameter data with the bulk 
polarizability determined from refractive index data. 
Investigation of the dependence of <Xq2_  o n  Si - O bond 
length, cation electronegativity and ionization potentials. 
Comparison of CCq ,_ around Si and A1 sites.
4.5.2 The Auger Parameter & Polarization Energy
It was found in Chapter 1 that a change in the Auger
parameter of an element Z was directly proportional to a 
change in the extra-atomic relaxation energy possessed by 
that element, E g ^
AAZ = kAEEAR(Z) Equn. 4.13
where k = 1 by Kowalczyk^^^
4+ 3 +For Si and A1 in silicates, all the sites available
2 -
are surrounded either tetrahedrally or octahedrally by 0 
ions, and so the change in ERAR i-s totally due to a change, 
in the polarization of Si - 0 or A1 - 0 bonds in the 
structure i.e.
AAZ = AE e a r (Z) = AEpol(Z) Equn. 4.14
The absolute Auger parameter A^ is the sum of two terms, a 
constant term A^z dependent on the energy of an x-ray
transition of element Z, and a variable term A controlled
by the extra-atomic relaxation energy of Z:
Az = Aoz + a rz Equn- 4-15
Az “ Aoz = a rz = ee a r z^  ^ = EPoi<z > Equn- 4-16
In order to determine E , (Z) and E^AT^ (Z) it ispolv ' EARV '
necessary to know both A^ and A^ .^ for Z in the silicate
under test. A is the measured Auger parameter for Z in the
silicate and the value of A^z must be determined independently. 
Three separate methods were used to determine A^ for Si, and 
the results are compared.
4.5.3 Methods of Determination of Si Auger Parameter Zero 
Point
The zero point of any Auger parameter scale is defined 
as the value obtained from an isolated ion whose extra-atomic 
relaxation energy is zero. Small gas molecules containing 
that element have the lowest values so far measured and for 
monotonic inert gas ions the values approach the theoretical 
minimum.
The value of A^z may be determined by a number of 
comparison methods with other physical properties followed 
by extrapolation. As these methods can be unreliable, three 
totally independent methods were chosen for determining the
zero point of the Si Auger parameter.
1) Auger Parameter versus Refractive Index
From the Lorentz Lorenz equation, a totally
unpolarizable lattice will have a bulk polarizability of
2 2zero. If the molar volume V is non-zero, then (n -l)/(n +2) 
will be zero, and the refractive index will be unity.
From Equn. 4.16: A = E = k» (a )
K P E Equn. 4.17
= k»»(n -1)
(n2+2)
When n = 1, A = 0 Equn. 4.18
and A^ = AQZ Equn. 4.19
Extrapolation of the data in Fig. 4.2 provides the value:
A^(Si) = 1407-65eVo
( 21 )2) Equivalent Cores (Bergstrom-Hill Modelv ')
The equivalent cores model of Bergstrom and Hill gives 
an estimation of the position of an Auger peak without 
extra-atomic relaxation. It uses the corresponding core 
level binding energies of the original hole and upper 
level from the element filling it and the value of the third 
level from the next element in the periodic table.
Using this theory with elemental hole binding energy, 
it is then possible to calculate an ’unrelaxed’ Auger 
parameter where extra-atomic relaxation will not be 
present.
f 21)Using Bergstrom Hill terminologyv '
For the LMM Auger:
EA^Z yz = EB(Z)Lx " EB(Z)My “ EB(Z)M* “ W E(lun- 4 -20
For the KLL Auger:
EA (Z )xyz = Eb (Z)Kx~ EB(Z)Ly " EB(Z)L* " W Equn. 4.21
where
EB(Z)L? EB(Z)L + A Z E^B(Z+1)L EB(Z)L^ E9un* 4*22 
If AZ = 1 :
EA(Z )xyz = EB(Z)Kx ” EB(Z)Ly "EB(Z+l)Lz“ W EClUn* 4,23
The Photoelectron Peak position is E , . + W Equn. 4.24
d ^  Z* j K.
The Auger Parameter (AP) is EA (Z)xy2 W - hv
Equn. 4.25
So from equations 4.23 and 4.25:
AP = 2EB(Z)K~ EB(Z)L “ EB(Z+1)L “hV Equn. 4.26 
Now the Auger peak position for ions can be described
thus :
ea <z+W  = M zn+)Y- ER(zn+)v- ER (Zn+)7 - U.P(Z) - V.P(I) - wB X B Y B
Equn. 4.27
where U = EB(Z+1}(n+1) + - EB(z+1)(n)+
and V = EB (2+1)(n+1)Y “ eb^Z L  + EB(Z)(n+1L  ~ EB(Z)(n L
( 23)Castle and Epler' ’ suggest P(Z) = P(I) = 1 which gives:
EB(Z)(n+1)z “ EB(Z)(n+1)z EB(Z)^ n+1)z " EB(Z°)Z
Equn. 4.28
Substituting 4.28 into 4.27 gives, for KLL
- - n+' - (Z+l)<n+1> - 2ER (Zn+), + Er (Z°)ea <z  )k l l = eb <z  )k - e b B WL ~B 'L 
Equn. 4.29
For the Auger parameter of an ionic species, we can 
substitute 4.29 into 4.25, and obtain:
AP(Zn+) = 2EB (Zn+)„ - ER (Z+l)I(n+1)- 2ER (Zn+)T + ER (Z0 )T - hvK B L B L B 'L
3+
Equn. 4.30
Taking the A1'JT ion as an example, equation 4.30 will give
AP(A13+) = 2Eb (A13+)1s - EB (Si4+)2p- 2EB (Al3+)2p+ E^A1°) - hv
The data used to calculate these terms must relate to the 
same work function and charging shifts.
Table 4.5 EXPERIMENTAL MEASUREMENTS USED TO DETERMINE THE A1
X-RAY SAMPLE DATA AP^ * ) 
eV
ek kll
eV
eb (1s)
eV
EB (2p)
eV
Zr La 
Zr La 
Mg Ka 
Mg Ka 
Mg Ka
A1203 on Metal (ZALMET) 
A^O^, Fused Alumina (ZAL203) 
A1_0 on Metal (MAUG2)2 j
A1 metal (MAUG2)
Si02 on Si (MSIOAP)
906* 2 
906* 1 
208-3 
212-6 
458-3
1386-4 
1386 45 
1386-6 
1393-4 
1609-6
1562-2 
1562 05
75-3
72-8
102-5
a i 3+
a i 3+
a i 3+
A1
c . 4+Si
hv(Zr La) = 2042• 4eV
hv(Mg Ka) = 1253-6eV, Bremsstrahlung Induced Peaks
Using Al?+ from ZALMET, Al3 + and Al° from MAUG 2 and 
4+ y is 2p 2p
Si^ from MSIOAP we can obtain AP for A1 . As an internal
P .. 34-reference marker, the position of the A1 KLL Auger peak will
be given a fixed value and the results scaled from this point.
This overcomes the problem of variations in sample charging
and instrument work function.
Let EK (A13+)KLL(A1203 ) = 1386-4eV
The results in Zr La (table 4.5) need not be altered, but
those in Mg Ka must be shifted by +0*2eV(BE).
Then: E0(A13+)0 = 75-5eVB v 1 2p
eb (a1 )2p = 73-°eV 
E (Si4+)2p = 102-7eV
Substituting these values into equation 4.30 gives the
3+ .Auger parameter for A1 m  Zr La:
AP(A13 + ) = 900 * 3eV
This is the Auger parameter obtained from intra-atomic 
relaxation, but not the inter-atomic relaxation that occurs 
within any solid sample. It agrees well with the ’un-inter*- 
relaxed value of 899*0eV, obtained by extrapolating back to
unit refractive index for a series of aluminosilicates, and
gives more reasonable values for aluminium extra-atomic 
relaxation.
4+For the Si Auger Parameter we use equation 4.29 
(Castle and Epler^^ ^ ) and find that:
AP(Si4+) = 2EB (Si4+)ls - EB (P5+)2p - 2EB (Si4+)2p+ EB (Si°)2p- hv
The data in table 4.6 then give the result:
AP(Si4*) = 1408 *OeV
This value agrees closely with that of 1407*65eV obtained 
before by extrapolating back to a refractive index of unity.
The greatest error will occur in the value adopted for 
P(P^0^) This was taken to be 133*0eV, by consideration of 
the results obtained for P(2p) in other compounds (tabl£ 4*6).
Table 4.6 EXPERIMENTAL DATA USED IN Si AUGER PARAMETER ZERO
POINT DETERMINATION
X-RAY SAMPLE DATA AP( * ) 
eV
ErKLL
eV
hb (1s)
eV
EB (2p)
eV
Zr La SiO^ on Si 1410 1606*2 1846*2 - Si4+
Mg Ka
Si02 on Si (Chapter 5): 
Si
P3N5
K3P04
NaHPO.2 4
KH2P04
1609*6 102*6 
99*6 
132* 2 
133*6 
133*6 
133*9
si4+
Si°
P5+
P5+
P5+
P5+
3) KLV to KLL Ratio
It was observed in Chapter 3 (section 3.4.1) that the
intensity of the KLV Auger peak was directly related to the
degree of filling of the Si valence bond on double
ionization .and was proportional to the extra-atomic
relaxation energy available to Si. It was thus also
proportional to the amount of polarization. The zero point
on the KLV/KLL versus A ^  graph (fig. 3.15) should then
define the value of A (Si).o v ’
The value obtained by this method was:-
A (Si) = 1407•68eV (KL 3V = 0)
The extremely close agreement between the totally independent 
Refractive Index and Auger Intensities methods reinforces 
the belief in the mean value for zero point Si Auger parameter 
included in table 4.7 below.
Table 4.7 COMPARISON OF VALUES FOR AUGER PARAMETER ZERO POINTS
METHOD ELEMENT AQZ(eV)
1. Refractive Index Si 1407*65
2. Equivalent Core Model Si 1408*00
3. KLV / KLL Intensity Si 1407*68
MEAN : Si 1408*0 + 0 * 5
2. Equivalent Core Model A1 900*3
Wagner( )  has investigated the Auger parameters of 
silicon containing gases using Auger peak positions measured 
by Kelve^^4  ^ The value derived for Si is 1406*7eV, but
calibration and precision factors occurring in the analysis 
of gaseous samples could easily account for an error in 
measurement of up to l-2eV.
4.5.4 Polarization Energy and Oxygen Polarizability
4+ 3 +The polarization energy of a central Si or A1 cation
from a silicate can be rapidly determined from the Auger
parameter measurements using equation 4.16. In all the
silicate structures that have been investigated, these central
3+lon sites have been tetrahedrally or (for A1 ) sometimes
2r
octahedrally co-ordinated by 0  anions which can completely
screen the central ions from direct external fields. Any
such field naturally operates through the polarizability of
the 0 anions. It is not unreasonable to directly relate the
4+ 3 4-polarization energy of the central Si or A1 ion with the
2.-
polarizability of the surrounding 0  ions:-
Epol(Z > = KZ,ca02- Equn- 4 -31
Where K is the proportionality constant for element Z in C 
type co-ordination.
Kuroda et a l [ ^ “^  explained the extra-atomic relaxation, 
associated with the creation of a hole in an ion,by the 
polarization of the surrounding ions, which depends on their 
polarizability. The linearity of Auger parameter against 
polarizability for sodium halides as shown in fig. 4.4 can 
be applied to silicate structures, which are considered 
ionic.
4.5.5 Determination of Oxygen Polarizability Constants K ,^
Oxygen ions contribute by far the largest share of the 
bulk polarizability of silicates, however their effect on 
the cations they surround will depend on the cation itself, 
and the co-ordination of the particular site. This dependence 
is described in the proportionality constant K linking 
cation polarization energy and oxygen polarizability
a 0 . 2 - * > A*
A1 ions substitute for Si ions in tetrahedral sites
with increasing ease as the silicate structure becomes more
3 +of a three dimensional network. The A1 ion is more
. 44 -elect roposi tive than Si. As the silicate framework becomes
2-
more structured, the percentage of bridging 0  ions (which
34-are more electronegative) increases, and these prefer A1 
. 4 +  3  +
to Si. A1, a transition type ion, accepts both tetrahedral 
and octahedral co-ordination as it is a larger cation than
c - 4 +Si.
The values of K _ appropriate to each configuration 
were determined by calculating the bulk polarizability of a 
standard silicate using the Lorentz Lorenz equation, and
subtracting the relevant cation polarizabilities supplied by
(109) 2-Paulmgv ' to leave the 0 polarizabili ties; these were
compared to the experimental polarization energy for that
silicate site. The values of K were then used to determine
2—  ’the 0 polarizabilities of all the sites in 30 silicate
structures. The standard compounds used for the three sites 
are shown in Table 4.8.
Table 4.8 STANDARD SILICATES FOR BULK POLARIZABILITY CONSTANTS
COMPOUND ELEMENT CO-ORDINATION
Quartz (SiO^)
Corundum (Al^O^) 
Anorthite (Ca(AlSi^Og))
Si 
A1 
A1 4- Si
Tetrahedral
Octahedral
Tetrahedral
34-The tetrahedral A1 site constant was determined by
44-subtraction of the Si site component from the mean anorthite 
value. Bulk polarizabilities (X were calculated using theO
Lorentz Lorentz equation:
3V , 2 ,. Equn. 4.32
a _  m (n. -1 ) ^
B  "" 4 t t N  P
™ A  ( n  4-2)
3
wherer V is the molar volume of the mineral (cm ) m v '
N^ is Avogadro's Number
n is the optical refractive index of the mineral 
2 -
The mean 0 polarizability can then be determined by
subtraction of the polarizabilities due to other ions and
2 -
division by the 0  number density.
aD - (iN.a.). . 0 0B v l l l ' 17=0 2— Equn. 4.33
o'" No -
Equation 4.33 is valid because of the additivity law of 
polarizabilities, which is satisfied by all materials:
2 - . 3 *t"For the 0 polarizability around the tetrahedral A1 site
in anorthite, the additivity rule is used to subtract the
. 4+ 2- . . .component due to the Si sites from the bulk O polarizability.
a 0 i- ( A 1  tet) = " 2 aQ 2-(Si tet) ) Equn. 4.35
Finally we use equations 4.31, 4.33 and 4.35 to calculate 
2-
the 0  polarizability constants K for the three types of 
site :
N FK = Q 2— po 1 Equn. 4.36
B vi l l 11-7=0 2~
The values of the relevant terms in equations 4.32 to 4.36
for the three standard minerals are given in table 4.9. The
calculated values for the polarizability constants Kv^
, C
determined from equation 4.36 are then listed in table 4.10. 
Table 4.9 STANDARD ALUMINOSILICATE MINERAL PROPERTIES_______
MINERAL E ipol
eV
n2-l
n2+2
Vm
(cm )
, ° 3
V A") (IN .a . ). .v. 1 1 ;1 ^0 2 -
1 0 3  
(A3 )
NOZ- a 0 2 .-
0 3
(A )
SiOp 2-0 0« 3138 22*80 2*860 0*0165 2 1 • 42
A12°3 5*8 0*4136 25* 58 4* 193 0*104 3 1 *37
Ca(A12 Si2 08 ) 2 - 0 0*3328 100*79 13*297 0* 607 8 1 • 586
Table 4.10 POLARIZABILITY CONSTANTS FOR ALUM I NOS I LI CATE SITES
ELEMENT CO-ORDINATION MINERAL Kz , d evX3)
Si Tetrahedral Si° 2 1 *41
A1 Tetrahedral Ca(A10Si 0 ) 3*31
A1 Octahedral A1203' 4* 25
3 +The larger values of K (table 4.10) for A1 sites compared
4+ *with those of Si leads to a much stronger dependence of 
3 +Epoi(Al ) on the polarizability <Xq2 _ oE the surrounding
oxygen ions. Similarly, the increase in K from tetrahedral
3+ 3+ . ’A1 to octahedral A1 can be explained by the increase m
9 —
the number of surrounding 0~ ions (from 4 to 6 ). It can be
noted that K does not increase by 50/c in this case,Z , C
suggesting that steric hindrance or mutual interaction 
occurs between the surrounding 0  ions in octahedral 
co-ordination.
.4+ 34- .
By using the Si or A1 site polarization energies,
E , determined from the measured Auger parameters (table 3.8)
P° 1 2—
applied to equation 4.16, and the 0 polarizability constants
^ (table 4.10) it is possible to determine aQ2_ ^or
three types of sites in the silicates. The Auger parameters,
2-
polarization energies and the 0 polarizabilities are listed
34-m  table 4.11 for the 30 silicates investigated. Where A1
ions occur in both tetrahedral and octahedral sites in the 
2 -
mineral, the 0 ion has three different polarizabilities.
34-The two associated with A1 sites are both derived from the
3-f .single A1 polarization energy, as no peak splitting could
be observed under the spectral resolution conditions available 
from Zr La XPS.
4.5.6 Bulk Polarizabilities in Silicates
2 -
To have confidence in the set of 0 polarizabilities
calculated for the silicates, it is important to test their
3
accuracy. The values for (Xq2_ obtained range from 0*91A 
surrounding tetrahedral silicon in stilbite, to 2*27$^ around 
the sane site in staurolite and serpentine. These values are 
well within the range determined by Tessman, Kahn and S h o c k l e y ^  ^ 0) 
as observed for a series of simple oxides, however no verdict 
on their accuracy can be made from this data due to the wide 
range of values that (Xq2_ can take in different environments.
The most suitable test devised was to calculate the 
bulk polarizability from the sum of the polarizabilities, with 
aQ2_ derived from the Auger parameter; the sum was then 
compared with the bulk polarizability determined from the 
refractive index data and the Lorentz Lorentz equation.
Apart from the three standards, quartz, corundum and anorthite, 
the bulk polarizabilities determined by these two methods 
would be completely independent.
Bulk polarizabilities determined from Auger parameter 
results were defined by:-
“ b u l k = <X Ni“ i > i V  N02-(14’4)ao2-(14’4)+No2-(13’4 >“02-<13’4 >i
4-N0 2 __( 13,6 )ao 2__( 13 > 6 ) Equn. 4.37
Table 4.11 CORRELATION OF AUGER PARAMETER, REFRACTIVE INDEX
& ION POLARIZABILITY FOR VARIOUS SILICATES
No. MINERAL REFR.
INDEX
AAsi (eV) AAA1(eV) « o X^ 3)
(TET)
<xf <&3)
(OCT)
1 Muscovite Mica 1 • 60 2*1 1 • 49 6*1 1 *84 1 *43
3 Andalusite 1*63 2*2 1 • 56 5*8 - 1 *37
4 Aluininos.ilicate - 1*8 1 • 28 4* 6 1 *39 -
5 Staurolite 1-75 3*2 2* 28 6*4 - 1*51
6 Epidote - 2*3 1 • 63 5*9 1 *78 1*39
7 Uvarovite - 1*8 1 • 28 - - -
8 Kyanite 1-72 2*2 1 • 56 6*15 - 1 *45
9 Cordierite 1 • 54 2*3 1 • 63 6*0 1 *81 1 *41
10 Hemimorphite 1 • 62 2*3 1 • 63 - - -
11 Beryl 1 • 58 1*7 1 • 21 6*5 - 1 • 53
12 Olivine 1 • 63 1*8 1 • 28 - - -
13 Enstatite 1 • 65 2*2 1 • 56 - - -
14 Silicon Nitride 2*045 3*75 2* 66 - - -
15 Almandine 1 *83 2*6 1 *85 6*2 - 1 *46
16 Asbestos - 2*1 1 *49 - - -
17 Zircon - 2* 25 1 • 60 - - -
18 Talc - 3*2 2* 2.7 - - -
19 Serpentine 1 *53 2*7 1 *92 - - -
20 Pyrophyllite 1*59 2*7 1 *92 6*2 - 1 • 45
21 Natrolite 1 *47 2*0 1 *42. 5*1 1*54 -
22 Albite 1*54 1*9 1 • 35 5*0 1*51 -
23 Silicon Carbide - 3*3 2*34 - - -
24 Anorthite 1 *58 2*0 1 *42 5*8 1 *75 -
25 Microcline 1 *515 1 • 6 1 *06 4* 2 1*27 -
26 Stilbite 1 *49 1 • 5 0*91 4* 2 1 • 27 -
27 Plagioclase 2*0 1 • 42 5*3 1*60 -
28 Sodalite 1 *483 1*95 1 *38 5*2 1 • 57 -
29 Quartz 1*54 2*0 1 *42 - - -
30 Corundum - - — 5*8 — 1*37
In equation 4.37 (before):
2 -
Nq 2_(14,4) is the number of 0 ions associated with 
tetrahedral silicon.
<X0 2 _(14’4 ) the polarizability of the N02_(14>4 ) ions 
Etc.
The first term in the equation sums all the non-oxygen
polarizabilities, which in silicates are usually less than
10% of the total, and which are observed to be generally
constant 1  ^ Hydroxyl (OH) ions are present in seven of
the 30 silicates studied, where their role is to add
electrical stability to the structure; their polarizability
°3is assumed to be fixed at 1*5A. The remaining three terms
sum the 0 components from the three types of site.
A comparison between the two bulk polarizabilities
for each silicate is plotted in fig. 4.7 (below). The fit
between the two methods of calculating is very good
over the whole range of polarizabilities studied, and much
2-better than the fit obtained with a fixed O polarizability.
2-
The best fit can be found by varying the 0 polarizability
for the silicates studied, and confirming the direct
2-
dependence of Auger parameter change on 0 polarizability 
change in these structures.
Fig. 4.7 THEORETICAL & EXPERIMENTAL BULK POLARIZABILITY COMPARISON
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4.6 Parameters Controlling Oxygen Polarizability
4.6.1 Introduction
. . . 2-The polarizabilities of the 0 ions in the silicate
lattice are controlled by their electrical and steric 
environments. The factors that should have the greatest 
influence on <Xq2 _> and that will be investigated are: 
inter-ionic distances; electronegativities and electron 
affinities of neighbouring cations, and the degree of 
co-ordination of these species.
4.6.2 Silicon to Oxygen Distance Dependence in Silicates
Interatomic Si - 0 distances range from 1•6oX to 1•65X
o
m  silicate structures, which is less than the 1-74A
calculated from the sum of the ionic radii. This bond
shortening can be explained by the partial creation of
pTT -  dTT d o n o r a c c e p to r  bonds be tw een  th e  em pty 3d o r b i t a l s
on Si, and the filled 2p orbitals on the 0. It is this
4+ 2-variable interaction between the Si and 0 ions that
44-causes the variable population of the Si 3d orbital and the
variation in the Si Auger parameter. The Si - 0 inter-atomic
distance in silicates is directly related to the measured
Si Auger parameter as shown in fig. 4.8. Similar correlations
were found with the shift in the Si Kp x-ray energy for 
(35 )silicatesv ' and the photoelectron core level shifts for 
oxide^^^. Recently, ionic polarizabilities were calculated 
for alkali halide and chalconide, ions in crystal, all with 
the same NaCl structure, by Mahan A more rigorous
method of calculation was used than in earlier studies^^^ 
with a quantum mechanical definition for the individual 
polarizabilities:-
_ 2 _ l <g l rMP ( 0 ) 11 > l 2 _ .a = 2e I  M v ’_____  Equn. 4.38
I (E-E )
v I g'
where M = 1,2,3 for dipole, quadrupole and octupole 
polarizabili ties 
P (0) is a Legendre Function
Mahan used the Sternheimer method to numerically solve this 
equation by using an auxiliary function ip ( r) .
The numerical resu]ts for cations showed that their 
polarizabilities remain constant in different environments to 
within 1%, and are centred on the free ion value. The anion 
polarizabilities did vary with environment and were found to 
be very sensitive to the ionic radii of both the cation and 
anion radii. A linear dependence of the anion polarizability 
on the reciprocal of the sum of the anion and cation radii 
was found for all the halides over the range of lattice 
constants studied.
Thus CXX_ = ax- ~ K^_(a^/a) Equn. 4.39
where <X^_ is the free halide ion polarizability
X.
Kv is a positive proportionality constant 
a^ is a scaling constant
a is the sum of the cation and anion radii (lattice const.
Fig.4.8 DEPENDENCE OF SILICON AUGER PARAMETER ON Si - O 
BOND LENGTH IN SILICATE MINERALS.
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For the O anion a linear relation was found between the
polarizability and inverse lattice constant in a similar
2 -
way; this confirmed Shockley’s view that the O polarizability
depended linearly on its volume in the unit cell.
2-  . .Comparison of the 0 polarizability with reciprocal
Si - 0 bond length for silicates partially confirms Mahan’s
view on this dependence (fig. 4.9). For silicates with Si - O
o
bond lengths greater than 1*61A, there is a strong inverse 
proportionality with reciprocal bond length, thus:
<Xq2 _ — ^02— “ O^t^ rSi-0^ Equn. 4.40
wherea°2_ = 18*413 P?
K = -27*431 A* for (rsi_0 )_1 from 0*610 to 0*612 ft-1
Correlation Coefficient R = 0*954
Fig. 4.9 RELATION BETWEEN OXYGEN POLARIZABILITY & RECIPROCAL 
BOND LENGTH
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As the Si - O bond length decreases over this range, the
2 -prr - drr double bonding becomes stronger and the? O ions
become less polarizable. In the range of framework silicates
including silica, albite, anorthite and microcline feldspars
the Si - O bond length reaches a minimum value of 1*61 X, and
2-
at this point the linear dependence of 0 polarizability
on Si - 0 bond length breaks down. Beyond this point the
electronegativity of the charge balancing cation then controls
2 -the variation in the 0 polarizability (see fig. 4.10).
4.6.3 Cation Electronegativity and Ionisation Potentials
The electrical properties of the charge balancing 
cations in silicates were used by piumat^1^1  ^ to explain 
the changes in the optical properties of the minerals. For 
sets of minerals with similar structures such as the 
feldspars, where the Si - 0 bond distance is close to minimum, 
such an explanation is justified.
Fig.4.10 DEPENDENCE OF ANION POLARIZABILITY ON
NEAREST NEIGHBOUR CATION ELECTRONEGATIVITY.
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The electronegativity parameter is not a completely rigorous 
concept, with several methods of calculation leading to 
slight differences in the values for each ion. The ionization 
potential, although often less applicable, may be frequently 
used in expressions describing the electrical nature of ionic 
species.
2-
Plottmg the observed O polarizability against the 
ionization potential of the nearest charge balancing cation 
present, for the silicate group studied, again shows a
direct relationship (fig. 4.11). The larger scatter of points
here compared to fig. 4.10 emphasises that over a large group
of silicates other factors also play an important part
. . 2-m  determining O polarizability.
4.6.4 Comparison of A1 - 0 to Si - 0 Bonding in Silicates
For properties of aluminosilicate structures the nature
of the A1 - 0 bonding has equal importance with the Si - 0
bonding. The changes in both bond lengths in silicates,
under the influence of neighbouring cations, was systematically
studied by S m i t h T h e  average bond lengths in feldspars
were found to be A1 - 0 = 1*78 + 0*02A, and Si - O = 1*60 + 0*01&
For silicates with a fixed ratio of Si:Al in the tetrahedra
2 -centre, the mean cation to 0 distance can be deduced by 
linear interpolation from the above extreme values. High 
resolution x-ray energy a n a l y s i s h a s  shown that for the 
A1 - 0 bond in silicates, the x-ray energy increases with 
increasing A1 - 0 distance unlike the Si - 0 bond. This can 
be explained in terms of the degree of relaxation that the 
central cation experiences on initial ionization. The larger 
the .inter-atomic distance, the smaller the degree of extra- 
atomic relaxation.
3+ 44’ ,
Another difference between A1 and Si in silicates
. 4+is m  the co-ordinations available to the two 1 0 ns. Si
3 +•
1 0 ns are limited to tetrahedral co-ordination, while A1
3 +can take 4,5 and 6 co-ordination. Differences in A1 
co-ordination number cause significant differences in the
3+ /1 68\
electronic properties of the central A1 ion. White et all ’ 
investigated the exact energies of the A1 Kp x-ray line from 
many silicates and found that the energy increased on a 
average with increasing A1 co-ordination. This suggests that
the energy of the M shell of A1 drops less with increasing
co-ordination number during the x-ray process, perhaps
because the M shell has a high population at high co-ordinations
and the x-ray process has a shorter lifetime. Certainly
x-ray widths are larger due to lifetime broadening.
2-Comparisons of the 0 polarizability from the tetrahedral
and octahedral sites in silicates can be made separately
with refractive index (fig. 4.12). These graphs suggest
3 +that, optically at least, tetrahedral A1 sites are more
. 4+closely related to Si sites than to octahedral A1 sites.
2-The relative 0 polarizabilities from the three types of 
site can be compared directly with each other as in fig. 4.13 
which shows two trends.
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2- . . .  .4+ 3+The tetrahedral O polarizabilities from Si and A1
sites in the same silicates are directly proportional to
each other with a ratio (A1:Si) of 1*05:1, reflecting the
ratio of bond lengths (Al-0:Si-0) of 1*08:1. The octahedral 
2 -O polarizabilities from the A1 sites do not correlate with
the tetrahedral site polarizabilities, and have an associated
polarization energy which remains remarkably constant in
2 -
different environments at 6*l+0*4eV. The O in the octahedral
sites shows none of the chemical or electronic sensitivities 
2- .of the O in tetrahedral sites. In this respect its
character is more like a cation species; with little change
in polarizability. This difference in nature can be ascribed
2-
to a stenc hindrance of the six large O ions surrounding
3 +octahedral A1 sites, their mutual electrostatic repulsion
or simply a complete saturation of the screening charge (by
2- 3 +the O ions on the A1 ions) which results in their
individual apparent polarizabilities remaining moderately 
low and fixed.
Closer examination of fig. 4.13 does show a slight 
positive increase in octahedral & q 2_ with increasing 
tetrahedral polarizability, suggesting that even in the 
octahedral case, screening is not perfects-
a Q2_(0CT) = 4* 64(0tQ2__( TET )Si ) - 4-923 Equn.4.41
. . . . . 3+Silicate minerals containing A1 m  unknown co-ordination
. . 3 +states can be characterized by fig. 4.13, where the A1
2 -state can be determined uniquely from the two O
polarizabilities. The aluminosilicate precipitate, with an
2 - .4+ . 0 30 (Si ) polarizability of 1•28A must contain tetrahedral
3 +A1 as the octahedrally calculated value is meaningless. 
Similarly staurolite must contain octahedrally co-ordinated 
Al? +
4.6.5 Hydration Effects on Polarizability
(2 )It was noted at an early stagev ' that hydration or
hydroxylation of a silicate structure reduced the measured
Si and A1 Auger parameters by a significant amount. Changes
in the bonding character and ionisation potentials in
minerals on hydration have been observed frequently before.
Hydroxyl groups similarly reduce the net electronegativity
4-of groups such as (SiO^).
In this work stilbite, a natural zeolite, has 7 
molecules of water per unit cell and has the lowest measured 
Si Auger parameter of 1409-5eV, equivalent to a polarization 
energy of only l-5eV. Stilbite is a member of the Heulandite 
Ca zeolite group and as such absorbs and retains more water 
than other types of zeolite. The dipole moments associated 
with the water molecules electrically stiffen the silicate 
structure. The water molecules are distributed among a 
number of sites, can jump from one to another and are always 
in close proximity to the individual tetrahedra in the lattice. 
This could be the main difference between these ’open’ 
structures and 'closed* silicates such as the layered mica 
silicates where interlaminar hydration is not possible and 
the Auger parameters remain high.
2 _
4.6.6 Physical Nature of O Polarizability Constant K
" 1 11m 21 j C
One of the most interesting relationships to be
established in this study is the dependence of central cation
polarization energy on the polarizability of the surrounding 
2 -
0 anions:-
E p o l ( Z ) =  KZ , C a o ? -  Ec>u n - 4 - 4 2
The constant K interprets the amount of charge available 4, c
from the surrounding anions into the energy of relaxation
of the central cation. K must be a complex term, which
* 4+ 3 +m  the cases of tetrahedral and octahedral Si and A1
was found by experiment to be limited to three values. In 
order to find a universal expression relating Ep0i(z )>a q 2— ’ 
inter-atomic distance r and co-ordination number the only 
suitable relationship was found to be the London force 
interaction between molecules:-
E = -l - ^ A la Q?-<ISi/AlIo> Equn. 4 .43
b r  ^ S i / A l  +  L >
where are numbers of interacting species per unit
area
a Si/Al,ao2— are 'thGar polarizabilities 
Isi/Ai’^ o are 'the^r ionization potentials 
b is a constant
r is the inter-atomic distance.
This expression (equation 4.43) describes the dispersion
energy associated with the high frequency fluctuations in
the electron density in one molecule, interacting with the
electrons in the other.
Calculation of the dependence of E and K on the^ pol Z, C
different central cations and co-ordination numbers using 
equation 4.43 was compared with the experimentally derived 
results for the three silicate species (table 4.12).
Table 4.12 POLARIZABILITY CONSTANT RATIOS
ELEMENT CO-ORDINATION Kz , c (EXP* } Kz C (EXP. ) 
RATIO
Kz c (CALC.) 
RATIO
Si 4 1 *41 = 1 =1
A1 4 3*31 2*35 2» 19
A1 6 4-25 ■ 3-01 2-70
The agreement between the experimental and calculated ratios, 
shown in table 4.12, is good, when the number of approximations 
and assumptions used are considered. The term in equation 4.26 
that dominates the change in the value of K and the polarization 
energy ratio, is the polarizability ratio of the central 
cations:- (a~-:(X ,) = 1:3*15; this is partially offset by the
oi -L ^ 2
ratio of the inter-atomic distances term:- (r_.:rA1) = 1:0*808bl A1 1
and the ratio of ionization potentials term:-f(I) ^:f(I 
= 1 :0*815.
The cohesive energy density is defined as: 
d  r°°Y = - % N j dV(R)d Equn.. 4.44
where N is the number density of the species involved 
V(R) is the attractive energy potential from d 
The quantity is frequently used as the energy associated with 
Van der Waals forces in real samples, such as polymer and
(109)liquid surfaces, and at interfaces. Me Donald and Eberhartv ' 
used the London equation (4.43) to determine the work of 
adhesion of the transition metals Ni, Cr, Ti and Zr on 
aluminium oxide. The polarizabilities of the metal atoms were 
calculated from:-
2 2
(X = — --  Equn. 4.45m . 2 2  ^
4 tt ml
The oxide polarizability was fixed at 3.88&^using Pauling’s 
data, and slightly lower than the value of 4.2oX^ determined 
here for corundum. Using this value, a closer fit with 
experimentally determined adhesion energies would have been 
obtained.
4.6.9 Summary
Auger parameter measurements have been shown here to 
yield much more information than just the chemical state 
fingerprinting for which they were originally developed. This 
study of a series of silicate minerals allowed information to 
be gathered on a wide range of their atomic properties including
1) Oxygen polarizability around different sites
2) Cation co-ordination number
3) Ionicity of central cation to oxygen ion bonding
4) Electronegativity and ionization potential of charge 
balancing cations
5) Hydration level of the silicate structure
Fig. 4.14
4. 24.5.3
4. 5. 6
4.5.4
4. 5. 64. 5. 5
POLARIZATION 
ENERGY, EpQL
REFRACTIVE INDEX
AUGER PARAMETER
A
Si,Al______
BULK POLARIZABILITY
BULK
OXYGEN POLARIZABILITY 
a 02- (4*4,3)
EXTRA ATOMIC 
RELAXATION ENERGY
EAR
ROUTES TAKEN FROM AUGER PARAMETERS AND REFRACTIVE INDICES 
TO DETERMINE BULK AND OXYGEN POLARIZABILITIES IN SILICATES
Fig. 4.14 summarises the connections between the various 
atomic properties investigated here, and shows the two 
independent routes followed in the derivation of the bulk 
polarizability
CHAPTER 5 BREMSSTRAHLUNG INDUCED AUGER SPECTROSCOPY
5.1 Introduction
Auger electron peaks possess energies and widths that 
are independent of the type and energy of the ionising 
radiation. The high energy continuous radiation or 
Bremsstrahlung from a conventional x-ray source can 
therefore generate Auger peaks for which the characteristic 
x-ray line has insufficient energy. The most important 
Auger transitions to be excited by Bremsstrahlung occur 
in kinetic energy range 1300eV-2200eV. The intensities of 
these peaks are an order of magnitude lower than the 
photoelectron peaks, but they do occur in a region of the 
spectrum where no core level peaks exist, and so benefit 
from a high signal to background ratio, making them well 
defined spectral features (fig. 5.1).
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CD
SILICON AUGER PARAMETER, A*
CD
CD
FERMI
EDGE
BREMSSTRAHLUNG 
INDUCED 
AUGER PEAK
SiKLL Al Is
(X-RAY WINDOW
KE(eV)
1651 1601 1SS1 1501 1451 1401 1351 1301
The elements that will benefit from Bremsstrahlung in 
XPS will be those with Auger peaks with energies in the 
range 1300-2200eV (KE):-
Table 5.1: Suitable Bremsstrahlung Induced Auger Peaks
SERIES: KLL LMM MNN
Element KE(eV) Element KE(eV) Element KE(eV)
A1 1390 Br 1390 Lu 1570
Si 1615 Kr 1465 Hf 1620
P 1855 Rb 1560 Ta 1675
S 2110 Sr 1640 W 1730
Cl 2390 Y 1735 Re 1790
Zr 1830 0s 1835
Nb 1930 Ir 1900
Mo 2035 Pt 1960
Au 2015
Hg 2070
Tl 2125
Pb 2180
Bi 2235
Chemical shifts in Auger peaks are frequently larger 
than those in the equivalent photoelectron peaks because of 
the greater extra atomic relaxation associated with the 
doubly charged core hole in the Auger process. This can be 
clearly observed in the large shift between (Bremsstrahlung 
induced) KLL Auger peaks from A1 0 and A1 in fig. 5.2 
compared to the much smaller shifts in the 2p peaks.
The most important development made with Bremsstrahlung 
induced Auger peaks was the combination with a 
photoelectron peak to produce an Auger parameter. A series 
of well characterized silicon compounds and silicates were 
studied in this way.
Bremsstrahlung induced Auger peaks are an extra 
source of information that can be gained from the XPS 
results with no necessity for any instrumental changes.
They should be popular with those workers who cannot 
study higher energy XPS with a characteristic higher energy 
x-ray source.
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5.2 Distribution of Bremsstrahlung
The spectral distribution of continuum x-ray intensity 
is dependent primarily on the anode voltage used. The 
frequency spectrum will be cut off at the point where the 
kinetic energy of the electron is equivalent to a single 
quantum of radiation. This is the shortwave cut-off.
K.E. = %nv = hv heXmax m m
We may substitute X  ^ = K /V^ (A) where K = 12,398 AVmin
The intensity distribution with frequency should be more
or less constant up to v for a thin anode:max
I(v ) ~ constant v< vmax
Hence 1(A) ~ constant A > A  .v ~--- m m
X2
The observed spectral emission from a real (thick) anode,
where one electron may make ten or more collisions of
varying wavelength, will be the sum of a large number of
individual intensity envelopes dependent on the range of
electron energies in the anode.
The spectral distribution g(v) formula proposed by
(170)Dyson1 'describes the intensity variation as a function of
»
primary electron beam intensity, I and anode atomic 
number, Z.
g(v) = I x 2*76 x 10 9Z(h Vmax - 1) (s 1),
P hv
t _
if I is in e /s, or
p f 10 hv -1g(v) = I x 1*723 x 10 Z( max - 1) (s )
p hv ’
if I is in Amps.
P ^ t
For an aluminium anode, Z = 13, hv = 15keV and I = 20mAmax p
Table 5. 2 DEPENDENCE OF SPECTRAL DISTRIBUTION ON PHOTON ENERGY
hv(keV) 9(v)( s -1)
1*0 6* 272 X 1010
5-0 8*960 X io9
10*0 2* 240 X io9
12*0 1 • 120 X io9
15*0 0
The x-ray spectrum emitted from the anode is modified 
further by selective attenuation in the x-ray source 
window.
Away from singularities such as absorption edges, the 
Beer-Lambert radiation attenuation law can be applied 
successfully. The transmission T of radiation through a 
finite solid barrier of thickness d will be defined as:
T (V) = Y^ 4  = exp (-no(v)d)
° -24where n = Ne x 10
A
.23and N = 6*02252 x 10 atoms/mole; e = 2*702 g/cc
A= 26*982 g/mole for A1
For an A1 foil 5[im thick: 
6*02252x2*702n = — 269*82 = 0*06031 atoms per A
93
d = 5 x 10-4 cm
The intensity I(v) of x-rays transmitted through the window 
will depend on photon energy.
I(v) = Iq (v )T(v ) = g(v)T(v)
I (v ) = l*723xl01<^ I Z(hvmax - 1) exp (-ncr(v)d)
p hv
Fig. 5.3 SPECTRAL DISTRIBUTION g(v) OF X-RAYS FROM ALUMINIUM 
AT 15kV WITH 20mA CURRENT AND ATTENUATED SPECTRAL 
DISTRIBUTION T(v)g(v) AFTER PASSING THROUGH 5[im 
ALUMINIUM FOIL.
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For A1 source x-rays with 15kV, 20mA excitation, passing 
through a 5fim foil, the transmitted x-ray flux distribution 
is given below, and plotted in fig. 5.3.
Table 5.3 X-RAY FLUX DISTRIBUTION WITH PHOTON ENERGY
hv(keV) g(v)(s b T(v) I(v)(s 1 )
2-0 2-912xl010 0*0444 1•293x109
3*0 101*792x10 0*3362 6*024x109
4*0 101*232x10 0* 6071 7•479x109
5*0 8*960xl09 0*7654 6*858xl09
6*0 6•7 20x109 0*8530 5*732xl09
8-0 3*920xl09 0*9334 3* 659xl09
10*0 2* 240x109 0*9761 2*162xl09
12-0 1•120xl09 0*9894 1*093xl09
5.3 Earlier Work
Bremsstrahlung induced Auger lines were observed a
number of times in XPS before they were usefully applied to
the measurement of Auger parameters.
The KLM and KLL Auger spectra of A1 excited by
(171)Bremsstrahlung were observed by Barrxe and Street' H using 
a conventional Mg x-ray source at 15kV. They observed that
t
the peak height intensity ratio of the K L ^ M  to D)
peak was 3*5% which was consistent with the values for Mg 
of 3*5% and Na of 2%. A determination of the contribution 
of Is core level and Auger excitation by Bremsstrahlung was 
made by comparing the intensities of KLL Auger and valence 
bands from A1 and Mg in A1 Ka XPS. A method of ratios was 
applied thus:- 
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The Bremsstrahlung contribution to Auger peak intensities 
was defined by:
= 1A1^KLL)b * TMg ^V ^ K x 100%
^ M g ^ )B+Ka* XA1 ^ V ^K
The amount of Bremsstrahlung was estimated to produce
about 1% of the K-Auger intensities.
A useful study of the KLL and KLM peaks of A1, using
Bremsstrahlung x-rays from a Mg x-ray source, was carried
(172)out by Van Attekum and Troosterv ’ as part of a study of
plasmon gain satellites in Auger series from metals. The
KLL and KLM spectrum from A1 was collected digitally and the
plasmon loss peak subtracted leaving the two Auger series,
an internal photoemission peak: at 1413*7eV and a plasmon
gain peak at 1408*6eV. The former peak corresponds to A1 2p
with a binding energy of 72*9eV in A1 K , and the latter
peak is 15*4eV higher in kinetic energy than the 1D)
peak corresponding to the value of a bulk plasmon in A1.
The intensities of both internal photoemission and plasmon
gain peaks are 0*5% of the KL „L J'D) peak, as predicted
(171)by Barrie and Street A '
(11)
Auger electron yield enhancement was noted by Wagner' ’ 
from a gold Mq x-ray source, and was attributed to additional 
ionization by Au Mp x-rays and Bremsstrahlung, however the 
relative proportions were not defined. It would be expected 
that a high percentage of the enhancing radiation would be
in the form of Bremsstrahlung from the gold anode. The
dg 
dk 
in
,2
Bremsstrahlung cross-section ~|j“is proportional to Z2 where Z
(1 7  3"\
is the atomic number of the a ode' '
da 1 6tt 5 2 Za adk 3V3 o . n 2 
k Pi
As a result of the higher Bremsstrahlung cross section with 
high atomic number, the Au x-ray source should generate 37 
times more continuous radiation than an A1 anode operating 
under the same conditions.
5.4 Bremsstrahlung Induced Auger Peaks in A1 K(X XPS of Alumina
Misinterpretation of peaks in photoelectron spectra 
has not been a major problem because the physical processes 
involved are well understood. However, controversy over
peak determination does occur occasionally » ^ ^even now.
An earlier example of misinterpretation was made by 
Defosse et al.^^^ who were studying a series of 
aluminosilicates by A1 Ka XPS. They identified a peak at 
103eV binding energy (1384eV kinetic energy) as a complex 
energy-loss peak due to an interaction of the A ^ p  
electrons with the solid. Its intensity was strongly 
dependent on the atomic concentration of A1 in the material 
and interfered with the intensity of the Si^ Pea-k making 
quantitative interpretation impossible. Later the Al^p 
"satellite" was identified correctly as the Al Auger peak - 
induced by the Bremsstrahlung from the x-ray source.
Confirmation that the satellite, X, was indeed an
Auger peak could be made by comparing the spectra induced
by different x-rays, normally A1 Ka and Mg Ka, as in
fig. 5.5 from A1 0 :-
2 3
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By using a common binding energy scale, as we have here, 
the kinetic energies of peaks obtained in Al and Mg Ka 
x-rays will differ by the difference in their photon 
energies, which is 233eV. The disputed peak: X, obtained 
in Al Ka XPS at 103eV (BE) appears in Mg Ka XPS at the 
same kinetic energy (1384eV), equivalent to an apparent 
negative binding energy, and is therefore identified as an 
Auger peak.
Defosse et al. correlated the appearance of this peak
with a similar satellite in the spectrum. Comparison
of the two spectra in fig. 5.5 shows that there is no 
relation between these loss peaks and peak X, as they 
remain unchanged in the two radiations. A true Al loss 
peak can be observed in Mg Ka XPS when no overlap with the 
Al peak occurs.
Two further conclusions were drawn by Defosse et al. 
from the presence of the Al satellite at 103eV. Firstly 
they suggested that it could be due to a distinct alumina 
phase on the surface of the aluminosilicate particles, by 
its intensity. This alumina phase dependence.’ of Al . 
would also be expected to produce observable chemical 
shifts caused by the changes in extra atomic relaxation 
associated with the doubly charged Al core hole. Changes 
in the position of the Al peak would directly affect
Ja.L/L'
the intensity of the Si 2p peak at nearly the same kinetic 
energy.
The second conclusion that Defosse et al. discussed
was the error in the quantitative interpretation of the
Al/Si ratio from the series of aluminosilicates
investigated. From the data provided (Fig.6 ref.176) it is
possible to determine the ratio of Bremsstrahlung induced
AIk l l electrons to Al 2p photoelectrons from Al^O^ in
their instrument (V.G. ESCA II). The intensity distribution
of Bremsstrahlung from the x-ray source will depend on
several instrumental factors, especially anode excitation
voltage and x-ray source window material and thickness. If
the operating conditions remain constant then there is a
Bfixed ratio between the Al intensity IA, induced byKLL AJ_ q
Bremsstrahlung, and the intensity of the Al 2p peak
IB = k Al Al
P
The real intensity of an Si 2p peak (I ^ ) from the
aluminosilicate series will include the Al and so the
M . .measured intensity (1^) will be :
iM . = xR + iB Si Si Al
i.e. i«. = IR . + klfPSi Si Al
Substitution of this into the normalised peak intensity
equation:
M R 2p
rc. _ ic- +Si = Si Al
M 2p R /1 . >t2P
Si Al Si 1+k )Xai
M 2p
Si = 1 - Al
■*"Si+IAl
When the real Si 2p intensity is zero (pure Al^O^) this
simplifies to :
M I .Si
M 2p 
Si Al ili=°
This ratio, as measured from Defosse et al.’s ^ ^  result:
is
k = 0*160k + 1
k = 0*19
The value obtained for k, 19%, for Al 0_ agrees closely with2 3
the value of 21% obtained for Si using a similar instrumental
arrangement^ ^  ^ and 26% for AlAD , as sapphire, obtained on
(1 77 'ia CMA instrument with Mg Ka x-rays and an 8[im Be window. v > 
Overlap of photoelectron and Auger peaks in XPS is 
easily avoided by switching to a different x-ray photon 
source, such as Mg Ka. This'? in turn demonstrates one of 
the benefits of a twin anode x-ray source.
5.5 Auger Parameters with Bremsstrahlung Induced Auger Peaks
The energies of Auger peaks induced by photons, 
electrons or ions are independent of the energy, momentum 
or charge of the incident primary beam as the Auger 
process is intrinsically an internal atomic relaxation 
phenomenon. It follows that the energies of Auger peaks 
excited from a sample by Bremsstrahlung of higher photon 
energies will be pinned to the same Fermi level as the 
photoelectron peaks excited by a lower energy (Mg or Al Ka) 
x-ray photon line. So Bremsstrahlung induced Auger peak 
energies can be combined with core level photoelectron 
peak energies from the same element in the same spectrum
to form an Auger parameter:
A* = Er (KLL) + EB (2 p) - hv
This parameter still has the advantage of being independent
of sample electrostatic charging and is strongly dependent
on the chemical environment of the emitting atom. Its
strongest benefit, however, comes from the absence of any
instrumental changes required to measure the higher energy
Auger peaks so that conventional Mg and Al Ka source
instruments can use Auger parameter data collected with
(177)higher energy sources. Wagner’s suggestion' ' of replacing 
the conventional Al window of the x-ray source with a Be 
window has not been found to be necessary since a thin Al 
window supplies sufficient Bremsstrahlung; a Be window will 
have an adverse effect on the signal to background ratio of the 
whole spectrum, making the detection of low elemental 
concentrations more difficult.
Since Bremsstrahlung Auger parameters were first proposed^ 
they have been applied to a growing number of elemental species 
including compounds of Si s, Br, Mo, Ta, P b ^ ^
and A d 179>
5.6 Bremsstrahlung Auger Parameters from Silicon Compounds
5.6.1 Introduction
The Bremsstrahlung induced KLL Auger peaks from a 
series of silicon compounds were specifically studied as 
a test of the utility of the Bremsstrahlung phenomenon in 
conventional XPS. To improve confidence in this test, many 
of the compounds investigated had already been studied by 
Zr La XPS (Chapter 3) and so were well characterized.
Silicon is an essential element in many growing 
areas of technology including geochemistry, catalysis and 
biomaterials as well as semiconductor and fibre optic 
manufacture; it is important in many of the areas where 
XPS has had the most impact. Paradoxically, the surface 
information from Si in conventional XPS is quite limited, 
mainly because only the 2 p and 2 s core level peaks are 
observed and both are relatively weak and at the low 
binding energy end of the spectrum. In addition the 
chemical shift data for Si and Al in Si-0 and Al-0 bonded
compounds shows that the ranges in values of about 2 eV^®^ 
are too small to identify specific chemical states with 
confidence. This problem is aggravated in silicate analysis 
due to the variable electrostatic charging associated with 
these insulating materials.
Both Al KLL and Si KLL Auger series can be induced by 
the Bremsstrahlung from a conventional XPS source. When a 
Mg anode source is used both Auger series will occur in 
the equivalent of the negative binding energy region of 
the spectrum and so peak overlap problems are avoided, 
giving a high signal to background ratio.
Auger parameter values A can be, rupIolLj determined 
from the accurate positions of the KLL Auger and 2p core 
level peaks for each element as described in section 5 .5 .
The data collected from the Si compound may be analysed 
by a number of methods. Firstly it could be used as a 
’fingerprinting* data set, secondly a comparison could be 
made with other data such as the Si and Al parameters 
(A . and A.,) themselves to investigate the silicate
j l  I\ JL
structure, as in Zr La XPS (Chapter 3). Finally, to test 
the reliability of Auger parameters from silicates it is 
possible to draft the values in the form of a chemical 
state plot^  ^ and compare it with other workers’ d a t a ^ ^
5.6.2 Experimental
Data were collected on a V.G. ESCA III hemispherical
sector analyser instrument; operated inaconventional mode.
The instrument was fitted with a Mg/Al twin anode x-ray
source which was run using Mg Ka x-rays at 12kV, 20mA
power through a 5|im Al foil window. Silicate samples were
either supplied as powders or crushed to form powders of
approximately uniform particle size, and then pressed into 
(55)indium foil.v ’ Al and Si elemental data were obtained on 
a fresh window foil and lightly oxidised wafer respectively.
The spectrometer energy scale was calibrated to position 
the Au 4fy peak at 83*8eV and the conductive elemental 
samples were referenced to this. Point Auger parameter 
measurements are independent of the absolute energy scale 
referencing, but for the production of chemical state
Table 5.4 PEAK POSITIONS IN XPS. FROM SILICON COMPOUNDS
A * •(X ) = E (Si(X)) + E (Si(X)) - hv (hv = 1253*6eV)o 1. o   K__■ ______
SAMPLE Si2 p
BE(eV)
Si
2 s
BE(eV)
SiKLL
KE(eV)
°ls
BE(eV)
Asi(2p)
(eV)
A*.(2 s)
(eV)
Si a 99 • 6 150*9 1616*4 - 462* 4 513-7
SiC 103*9 - 1609•6 - 460* 5 “
Si„N b 
3 4 1 0 2 * 0 153* 2 1611*7 532* 5 460* 1 511 *3
SiO^ c 1 0 2 * 6 153* 2 1609•6 - 458* 6 509*2
SiO^ d 111 • 5 - 1599*6 539* 1 457* 5 -
Si0o e 106*4 - 1604*9 - 457*7 -
ZnSiO„
3
109* 5 - 1602*1 - 458*0 -
Na Si0o 
2 5
109* 5 - 1603*7 537*2 458* 2 -
Si02 -xH20 107*0 - 1604*3 - 457*7 -
NOTES a: Silicon metal under oxide (20A)
b: C- = 285-leV; N, = 397*9eV Is Is
c: SiO^ (2oA) on Si metal 
d: a-Quartz as received
o
e: a-Quartz after argon ion etch (100A removed)
Table 5.5 PEAK POSITIONS IN XPS FROM ALUMINIUM COMPOUNDS
A* 1 (X) = Er (A1(X)) + ER (A1(X)) - hv (hv = 1253•6eV)
SAMPLE A1o2 p
BE(eV)
A 1 2 s
BE(eV)
a 1k l l
KE(eV)
AIl(2 P )
(eV)
AAi(2s)
(eV)
Al a 72*8 117*9 1393*4 2 1 2 * 6 257 • 7
A 1 2°3 a 75*3 1 2 0 * 0 1386* 6 208*3 253*0
aif3 77*4 1 2 2 * 1 1383*1 207* 1 251 * 6
NOTE
o
a: Al metal under oxide (10A)
(1.0)
plots, ' absolute referencing is essential. For comparison 
purposes the BE(eV) of the adventitious C Is on some of 
the unetched silicate powders was measured and used to 
recalibrate the BE and KE to allow for sample charging. 
Doubts about the suitability of this recalibration m e t h o d ^ ^  
are justified, as may be concluded from the observed 
results. To allow comparison with other worker’s data,^^^ 
peak positions are referenced to the C Is peak at 284«6eV.
Sample surface purity was checked for each material 
by collecting a survey during data acquisition and 
measuring relative peak intensities. The survey scans 
from Muscovite, Stilbite, Pyrophyllite, Microcline and 
Bentonite are displayed in Figs. 5.6 - 5.10. The 
adventitious carbon overlayer was not disturbed by argon 
ion etching as this would have altered the surface 
chemistry, and the C Is peak was found to be useful for 
sample energy referencing.
5.6.3 Results
The results collected have been divided into sets
from inorganic silicon and aluminium compounds (Tables 5.4
and 5.5 respectively) and from a range of well
characterised aluminosilicate minerals (Tables 5.6a and b).
*
The Si Auger parameter AQ . from a wide range of
samples listed in table 5.4 varies from A . = 462*4eV for
Si metal to A ^  = 457•5eV for untreated a-Quartz (SiO^).
This range of nearly 5eV shows the spread of values
expected from silicon - oxygen compounds. Lower values of 
*
Asi would be expected from Si - F compounds. The Auger 
parameter values are calculated from the 2 p core level and 
KLL Auger peak energies by the equation:
A* = Et,(KLL) + E (2p) - hv where hv = 1253*6eV 
K B
or A = E^,(KLL) - EK (2p) Equn. 5.1
»
A modified Auger parameter A was proposed by Gaarenstroon 
(30)and Winogradv '
A ’ = Et, (KLL) + Ed ( 2p) Equn . 5.2
lv o
This has the advantage of never becoming negative and has
(33 )
been used by Wagnerv ' on his chemical state plots. It
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Table 5.6b BREMSSTRAHLUNG INDUCED A. P. MEASUREMENTS (contd.)
No. MINERAL TYPE A 1 2 p
BE(eV)
Al
2 s
BE(eV)
A1 r^ rKLL
KE(eV)
*
A (2^) 
(eV)
4 l(2s )
(eV)
1 MUSCOVITE L 77*4 1 2 2 - 2 1383 9 207 7 252-5
2 STILBITE F 76*6 121-4 1383 9 206 9 251-7
3 PYROPHYLLITE L 78*0 1 2 2 - 8 1383 7 208 1 255-9
4 MICROCLINE F 77*4 1 2 2 - 2 1383 4 207 2 252-0
5 BERYL R 76*7 1 2 1 - 8 1384 8 207 9 252-7
6 ANORTHITE a F 76* 2 120-9 1385 2 207 8 252-5
7 BENTONITE L - - 1384 1 - -
8 KAOLINITE b L 76-8 - 1384 4 207 6 -
9 MUSCOVITE C L 77-2 - 1384 0 207 6 -
1 0 LEPIDOLITE L 77-0 - 1384 2 207 6 -
1 1 BIOTITE L 76*4 - 1384 6 207 4 -
1 2 TALC L - - - - -
13 ALMANDINE I 76-4 - 1384 5 207 3 -
14 KYANITE d I 78-0 - 1384 1 208 5 -
See table 5.6a for notes.
Fig. 5.10 Mg(Ka) XPS OF BENTONITE: Al 2 Mg(0H) 2 [Si4 0 1 0 ](Ca,Na)x * 4H20
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does however lead to very large positive numbers whose 
absolute values may hold little meaning.
For each of the Si compounds the Si 2p and Si KLL
i *peak positions were measured and the value of A«. „Si 2p
calculated. As a check on peak accuracy the Si 2s peak
from 1 0  silicon compounds and silicates were measured and
A_. 0 determined. The difference ( .  _ - A^.  ^ \ wasSi 2s v Si 2s Si 2p'
found to be a constant value of 50-96eV (+0-2eV)«
The three independent aluminium compounds (Table 5.5)
investigated showed a larger range of Auger parameters 
-x-
(AA^ = 5•5eV) than silicon because they included the
fluoride compound.
The Si and Al peak positions from the series of
aluminsilicate minerals (tables 5.6a,b) nos. 1-6 were
studied in greater detail; Si^ , Al^ , 0„ and CL also
2 s T 2 s Is Is
being determined accurately for these samples. The
adventitious C Is was used for energy recalibration and
the results are listed in table 5.7 for these minerals.
Nine of the aluminosilicates studied had been previously
f 4)studied by Zr La XPSV ' and this allowed an attempt at 
Auger parameter comparison that would not normally be 
possible.
Table 5.7 PEAK POSITIONS OF SILICATE MINERALS REFERENCED
TO C Is = 284-6eV
No. Si 0  
2 p
BE(eV)
S±2 s
BE(eV)
SlKLL
KE(eV)
2 p
BE(eV)
A 1 2 s
BE(eV)
a 1k l l
KE(eV)
0 ,Is
BE(eV)
CHARGE
(eV)
1 102-5 153-5 1609-5 74-35 119-2 1386-9 531-8 +3 • 0
2 1 0 2 - 0 152-95 1609-7 73-7 118-5 1386-75 531-3 +2-9
3 102-9 153-8 1609-2 74-8 119-6 1386-9 532-1 +3-2
4 102-25 153-3 1609-7 73-9 118-7 1386-9 531-7 +3-5
5 102-4 153-45 1609-3 74-4 119-2 1387-1 531 • 6 +2-3
6 102-7 153-6 1609•6 74-4 119-1 1387-0 532-1 + 1 - 8
* 103*0 154*1 1608•2 - - - 532-4 +4-0
*: Silica Gel
5.6.4 Discussion
*
The silicon Auger parameter A^(2p) from the simpler 
compounds (Table 5.4) shows a wide range of values which
strongly depend on the nature of the nearest neighbour 
atoms to the silicon. There is a decrease in the Si Auger 
parameter from the element through the carbide and nitride 
to the oxide which is linearly dependent on the electro­
negativity of the neighbouring atoms; for these samples 
an empirical linear equation can be written
(A*±(2p) (X) )eV = (466-7 - 2-29(X^))eV Equn. 5.3
For compounds Si^X^ with Pauling Electronegativities X^>
(Correlation coefficient R=0*990)
More complex samples such as ZnSiO„ do not follow
the above equation, as other structural factors contribute
to the Auger parameter. As observed in Zr La XPS on 
(3 4)silicates) ’ ' it was generally found that hydration of
the surface reduces the Si Auger parameter by up to leV.
Those simple aluminium samples that were studied 
(table 5.5) have a closer linear fit between aluminium
•X-
Auger parameter A^(2p) and nearest neighbour 
electronegativity x^
For A 1 mXn : (Ali(2 P)x )eV = (216-3 - 2-314(XP))eV
(Correlation coefficient R=0*9994)
The number of compounds studied is too few to draw 
further conclusions from these data sets except by 
comparison with other worker’s data. Wagner et a l . ^ ^  
obtained results that closely agree with the Auger - 
parameters obtained here. For Si and SiO^ values of 462•5eV 
and 458-leV respectively were obtained; for Al and Al 0„ ,
y
■^ Al 2p va^ueS were 212-5eV and 208• 4eV respectively. Apart
from Si„N , the RMS difference between the results from 
3 4
the nine Al and Si compound analysed in common with
Wagner et a.1. is only 0-16eV, showing that Auger parameter
data is directly transferable between different XPS
instruments, even between those with a hemispherical
analyser and those with a cylindrical mirror analyser.
■x-
The difference of 0-7eV between the values for A _ . forSi
Si^N^ is undoubtedly due to the different level of oxide 
contamination in the structure of the samples. The value 
of A^^ would rapidly fall with increasing oxide concentration.
5.7 Bremsstrahlung Induced Si Auger Parameters
5.7.1 Comparison with Si Auger Parameters from Zr La XPS
A large number of Si compounds were studied using
Zr La XPS as described in Chapters 3 and 4. A selected
group of these compounds, chosen with the widest range of
parameters, were studied again using conventional XPS and
the results are listed in tables 5.4 and 5.6. One of the
objectives of this study was the comparison of the two
types of Auger parameter; the Si Is core hole dependent
parameter A_. as measured in Zr La XPS and the Si^
1 Si Is # 2 p
dependent parameter A ^  ^  as found using Bremsstrahlung
induced Auger emission. In theory both the Is and 2p
subshells in Si are classed as core levels and so their
separation should be independent of chemical state. In
practice, sequential measurement of the Si Is and Si 2p
binding energies from the same sample is very difficult
because of the need to use a higher energy photon source
to excite the Si Is peak and because the Si 2p will then be
only weakly photoemitted. Comparison of the Auger
*
parameters A ^  is(Zr) anc  ^Asi 2 p ^ g ^ would be a unique
opportunity to compare theory and experimental results.
The Is core level dependent Auger parameter A^s was
defined when used in Zr La XPS as:-
A, (Zr) = E l s  + R K L L  - hv(Zr) lsv ' B K y ’
*
The 2p core level dependent parameter A 2 p as measure<d 
using Mg Ka x-rays and Bremsstrahlung is
A* (Mg) = EB2p + EkKLL - hv(Mg) Equn. 5.4
The difference between these two Auger parameters is :
A is(zr) " A2p(Mg) = EB1S " EB2p +hv(Mg) ” hv(Zr)
Equn.5.5
i.e.Als(Zr) = A 2 p (Mg) +(EBls ” E ^ p ) -(h v( Zr )-hv (Mg ) )
Equn.5.6
For Si measured with the same work function <j),
(E0ls - E0 2p)_. = 1740•3eVn o ol
so (A]s(Zr))si = (A 2 p(M9 ))si + 951*5 (eV) Equn. 5.7
The two types of Si Auger parameter from seven Si 
compounds that were studied by both Zr La and Mg Ka XPS
are plotted against each other in fig. 5.11. The least
squares fit analysis of the experimental data gave the
best fit as:-
A, (Zr) . = 0*994 x(A* 1 . + 954*5 (eV) Equn. 5*8lsK 'Si v Mg'Si v ^
with correlation coefficient R=0*995
Both the theoretical (Equn. 5.7) and experimental
best fit (Equn. 5.8) lines are included in fig. 5.11 and
illustrates how closely the two Auger parameters are
related to each other. The degree of fit confirms that
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there is a linear relation between Si Is and Si 2p binding 
energies from a wide range of Si compounds, and so the two 
types of Auger parameter are interchangeable, at least 
for silicon.
5.7.2 Comparison with Bremsstrahlung Induced Al Auger 
Parameters
The series of silicates studied all contained 
structural Al, except Talc. Both the Si and Al ions in 
these structures are surrounded either tetrahedrally or 
octahedrally by oxygen ions as nearest neighbours, and 
these strongly screen the central cations. Measurable 
differences between the Auger parameters from different 
minerals are found (tables 5.6a,b), and as with the Zr La 
XPS results (Chapter 3) comparison can be made graphically 
between the Si and Al Auger parameters (Fig. 5.12). The 
Aluminosilicate minerals are grouped close together, 
however the equivalent tetrahedral and octahedral trend 
lines can still be observed as in Chapter 3.
5.8 "Chemical State Plots" of Auger Parameters
It has always been necessary in any chemical spectroscopy
for samples with different chemistries to be unequivocably
identifiable. This ability is limited in XPS as the ranges
in chemical shifts of photoelectron peaks from some
elements is small and disturbed by sample charging in
insulating samples. The development of the Auger parameter 
(29)by Wagnerv ' into the form of two dimensional ’’Chemical 
State Plots’’^ h a s  been suggested as a method of 
creating sufficient ’chemical resolution’ in XPS for even 
closely similar structures to be individually identifiable.
In these plots (figs. 5.13, 5.14) the increasing 
Auger line kinetic energy scale and decreasing photoelectron 
line binding energy scale are fitted to the Y and X axes 
respectively. At 45° to both are drawn the isoenergetic 
Auger parameter lines. Before plotting data onto the graph, 
energy recalibration of both the Auger and photoelectron 
peaks is necessary so that any effects of sample charging 
are erased. This is because the position of a sample point 
on the chemical state plot is dependent on sample charging.
Fig.5.12 SILICON V. ALUMINIUM AUGER PARAMETERS 
USING BREMSSTRAHLUNG INDUCED AUGER 
PEAKS.
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The conventional method of charge referencing is by 
measurement of the binding energy of the C Is peak from 
the adventitious carbon on the surface of the sample. This 
is believed to be the source of considerable e r r o r ^ ^  in 
the absolute peak energy calibration procedure that is
necessary for accurate chemical state plot production.
(124)Wagner' ' recalibrated his silicate data by setting the 
adventitious carbon C is line to 284»60eV. For the first 
six silicate samples and silica gel, investigated in this 
work (table 5.4) the C Is peak had been accurately 
measured and by adjusting to 284*60eV binding energy, all • 
the peaks in each of the spectra were accordingly recalibrated. 
The recalibrated peak positions from the seven samples are 
listed in table 5.7 and displayed as Si and Al chemical 
state plots in figs. 5.13 and 5.14. These plots which spread 
the chemical states over two dimensions and require only 
one element for each plot in comparison with fig. 5.12 
which requires two elements.
In the Si chemical state plot (fig. 5.13), the strongly 
hydrated silica gel sample is well separated from the 
aluminos.ilicates with much lower Si KLL Auger peak energy 
and Auger parameter, but slightly increased Si 2p binding 
energy. The aluminosilicates are only moderately dispersed 
compared to the Zr La XPS study (Chapter 3), with a slightly 
larger spread in the 2p peaks than the KLL Auger peaks.
The distribution of points in the Al chemical state 
plot (fig. 5.14) displays a completely different 
distribution, with most of the variation in Auger parameter 
associated with change in the Al 2p binding energy.
Comparison has been made with relevant data from 
Wagner et al.^^^ in both the Al and Si chemical state 
plots. It is noted that the Auger parameters are closely 
comparable with those of Wagner et al. as discussed earlier, 
however a systematic difference in all peak energies of 
about 0*3eV confirms suspicions about the adequacy of using 
adventitious carbon Is as an accurate method of charge 
referencing. Until a more reliable method can be found, it 
is felt that chemical state plots for insulators should be 
treated with caution. Auger parameters appear to be accurate 
to within +0*leV from a wide range of materials analysed in
different instruments with different x-ray sources.
5.9 Conclusions
The Bremsstrahlung emitted by conventional x-ray 
sources can induce higher energy Auger electrons to be 
emitted, from samples, than are accessible by the 
characteristic x-ray lines alone. These extra lines are 
especially useful from the elements Al - Cl which are not 
well served by conventional Mg Ka and Al Ka XPS. Although 
these peaks are generally weak they normally occur at the 
equivalent of a negative binding energy in the spectrum, 
and so are isolated from the rest of the spectrum. One 
exception to this is the Al KLL peak induced by 
Bremsstrahlung from an Al Ka source where the peak 
overlaps the Si 2p core level peak, causing problems in 
aluminosilicate quantification.
The most novel idea associated with the use of 
Bremsstrahlung Auger peaks, that was developed in this 
work, was to combine it with a photoelectron peak from 
the same element to form an Auger parameter. A set of Si 
compounds were used to test the validity of this parameter 
by comparison with Auger parameters from Zr La XPS and a 
very close linear relationship was shown to exist. The 
reliability of the Auger parameter was further confirmed 
by comparison with data collected by Wagner and co-workers, 
although less faith could be placed in the chemical state 
plot method of display due to the uncertainties of charge 
referencing.
CHAPTER 6 XPS WITH MONQCHROMATIZED Aq La X-RAYS
6.1 Introduction
All the characteristic x-rays with energies above 2keV
have inherent linewidths which are more than double that of
Mg and Al Ka x-rays (the common sources for XPS). The consequent
loss of spectral resolution when using higher energy x-rays
severely limits the chemical state selectivity of the technique.
A possible solution to this problem may be found by
monochromatization of the higher energy x-rays, as already
achieved so successfully with Al Ka x-rays. Unfortunately,•not
all higher energy x-rays are suitable for monochromatization
because of the practical limitations of the Bragg diffraction
laws and conditions of x-ray focussing that must be fulfilled
for successful monochromatization. Silver Lap _ x-rays
1,2
(hv = 2984*3eV) were found to satisfy all the conditions for 
x-ray monochromatization, with virtually the same monochromator 
geometry as Al x-rays. In addition, Ag La x-rays can generate 
a wide range of new core level and Auger lines from key 
elements, making them an important source for high energy XPS.
The wavelength X of Ag La x-rays is almost half that of
Al x-rays; using the same grating, the Bragg conditions are 
fulfilled for second order diffraction of Ag x-rays at almost 
the same angle as the first order diffraction of Al Ka x-rays.
From the conventional Bragg equation:
nX = 2dsin0 Equn. 6.1
The Bragg angles at relevant orders of diffraction of Ag and 
Al x-rays on quartz can be found. They are listed with the 
other terms in table 6 . 1  below.
Table 6.1 COMPARISON OF BRAGG ANGLES FOR Al & Ag X-RAYS AT 
DIFFERENT ORDERS OF DIFFRACTION
X-RAY Ag La 1 Al Ka
Energy, hv (eV)
0
Wavelength, (A)
Order, n
sin 0 =Xn/2 d (2d=8*51A) 
Bragg Angle, 0°
2984*3 
4*1544 
2
0*97636 
77* 5
I486* 6  
8*3393 
1
0*97994 
78* 5
The two Bragg angles (table 6*1) were believed to be 
close enough to allow Ag La x-rays to use exactly the same 
monochromator as the Al K a x-rays since the range of 
monochromator adjustments was large enough to compensate for 
the 1 degree angle difference. To test this hypothesis the Al 
anode of a conventional XPS monochromator was replaced by a 
similar Ag anode; after the quartz crystal and Ag anode were 
repositioned for maximum intensity, excellent results were 
obtained. The energy resolution of this new source was 
tested by analysing elements and simple compounds in the 
range Na, Mg, Al, Si and Cl. Finally, a set of silane treated 
glass fibres were chosen as a difficult test for the general 
suitability of monochromatized Ag La x-rays for XPS. The 
surfaces of these fibres were all extremely rough on a 
macroscopic scale, and also completely insulating, making 
conventional XPS analysis ambiguous. In addition, silicon, 
the element of interest, would be present in more than one 
chemical state on the surface of the fibres.
The results obtained from this study confirmed the 
chemical changes to the fibres that had been predicted, and 
proved the utility of monochromatized Ag La x-rays for XPS.
6.2 Silver La XPS
It is the poor characteristics of unmonochromatized 
Ag x-rays that have limited the applications of this source 
in XPS. The x-rays are polychromatic; table 6.2 lists the 
strongest components.
Table 6.2 MAIN Ag L SERIES; X* = 1 *0000256A/A*
DESIGNATION 
SIEGBAHN TRANSITIONS hv (eV) X* (A* )
L G 1 l iiim v
2984*34 4*15443
L Q 2 l iiim iv
2978* 21 4*16294
L Pl r w 1—1 h-t < 3150*94 3*93473
Li L M III I 2633*7 4*7076
LTl L M II I 2806*1 4* 4183
As with all the L series x-rays, the spectra from Y to
Sn show ratios of LCL, to La^ of about 50%, making satellite
3A 1,2
ghost peaks a real problem. The observed broad linewidth of 
(12)2*6eVv ' for the La peak is caused by the widths and 
separation of the component lines (fig. 1.2). The Ag La x-ray 
source does have a number of strong advantages, the most 
important of which is the range of new photoelectron and 
Auger lines that are available for study (table 6.3). These 
include the Is and KLL core levels from Al to Cl. Wagner 
noted that strong Auger lines could be generated from nearly 
every element by this x-ray.
Higher powered x-ray sources should be possible with 
Ag anodes, because of the thermal conductivity of this 
element, which is the highest of any material at room 
temperature, and much higher than most of the elements 
commonly used for XPS anodes (table 6.4)
Table 6.3 NEW LINES EXCITED IN Ag La XPS
Is KLL 2p LMM 3d MNN
Al Br Kr Hf Ta W
Si Rb Sr Re Os Ir
P Y Zr Pt Au Hg
S Nb Mo Ti Pb Bi
Cl Ru Po At Rn
Table 6.4 THERMAL CONDUCTIVITIES OF XPS SOURCE ANODE ELEMENTS
ELEMENT CONDUCTIVITY W/cm °C (T=25°C)
Ag 4* 29
Au 3* 18
Al 2*37
Mg 1 • 56
Si 1 • 49
Zr 0-23
Ti 0 * 2 2
Static silver anode coatings which are alloyed to the 
copper substrate should be able to run continuously at over 
1•5kW which should partially compensate for monochromatization 
and the lower photoemission cross sections of some core levels.
Very little XPS data has been published in which Ag La
CIO 12 34 1>35\ ('34')x-rays have been the source; » » » i Carlson and Dress' '
commented in discussion that they had used Ag x-rays to
record the KLL Auger electrons of A l , Si and S; the Is core
levels from these elements possibly being too broad for analysis.
Nefedov et al. have calculated cross sections for elements H to Ar/7<^
A comprehensive study of the energies and chemical shifts
of the S Is peak and KL_L (^DQ) Auger line from gaseous H^S,
4* ( X 2 ^SO^ and SF^ was made by Kesk-Rahkonen and Krause' ' using
Rh La and Ag La x-rays. Their aim was to study the deeper
Sis core level*, to compare with data from shallower levels- and
theoretical predictions of absolute peak energies. They found
that the chemical shift of the S Is was slightly greater than
that of the S 2p and closer to the value predicted from the
potential model. Both intra- and extra-atomic relaxation were
included in the energy calculations with the latter being
smaller and only associated with the negative charge flow
towards the atom from other regions of the molecule. In the
solid phase, larger charge flows could be expected from the
surrounding structural lattice. This work marked the first
study of the KLL Auger series and gas phase Is core levels
for compounds of sulphur. No systematic signal intensity
comparison between Ag La XPS and conventional XPS was made,
but a set of uncorrected intensity ratios of Ne Is in Mg Ka and
Ag La were measured, as listed in table 6.5. The large
difference between the height and area ratios confirms the
width of the unmonochromatized Ag La x-ray line.
Table 6.5 Ne Is INTENSITY RATIOS IN Mg Ka & Ag La XPS
Ne Is (867eV)
X-RAY Mg Ka Ag La
Peak Intensities (HEIGHTS) 
Peak Intensities (AREAS)
44 : 1 
13 : 1
SIGNAL : NOISE 1 0 0 : 1  : 2 0 : 1
Wagner^1^^ emphasised that for a new (Auger parameter) 
approach to XPS analysis to succeed, a high flux of photons of 
an energy of about 3000eV or above would be required. The two 
most suitable x-rays proposed were Ag La and Ti Ka. X-ray 
flux intensity from these sources could be calculated from
a Q8)Greene and Coss.lett' s v " ' photon yield per electron formula:-
1 • 63N = A(Eq - E ) Equn. 6.2
where Eq is the electron beam energy
E^ is the inner shell ionization energy 
A is a constant dependent on anode material and level
The relative fluxes from the x-ray sources were calculated 
to be : Al K a  = 1*00; Ti Ka = 0*56 and Ag L a  = 0*52; with the
latter passing through a 25|im Be window. Multiplication by 
the cross s e c t i o n s f o r  selected core levels provided a 
list of relative yields that were uncorrected for the escape 
depth X of the photoelectrons, or analyser transmission 
function; they would nevertheless indicate the trends in 
relative peak intensities with the different x-ray sources.
Table 6 . 6  RELATIVE YIELDS OF CORE LEVEL LINES IN DIFFERENT
X-RAYS
C-iIs 3  is Cl,Is Se 02 p
p t , 3d
Al Ka 13 150 - - 395 -
Ag La 1 2 0 41 31 52 154
Ti Ka 1 1 2 2 0 2 0 26 67
It can be noted from table 6 .6 , that for most of the common 
peaks investigated, the photoemission intensity in Ti KOC XPS 
would be only 5Q% of that in Ag L a  XPS. Ti Ka x-rays are 
composed of two sharp lines (a ^ , a ) separated by 6.0eV, 
which causes a severe restriction on simple chemical state 
identification. It can be argued that because of the drop in 
photoemission with increasing photon energy, Ag La may be 
the hardest x-ray suitable for general XPS of all elements.
All previous studies that used Ag x-rays for XPS were 
restricted to an unmonochromatized source. Many spectroscopic 
benefits were discovered when a monochromatized Ag L a  x-ray 
source was used for XPS for the first time.
6.3 X-Ray Monochromatization
Monochromatization of Al Ka  x-rays in XPS is achieved by 
Bragg reflection from one of the planes of a spherically bent 
quartz crystal (fig. 6 .1 ) with the crystal also acting to 
approximately focus the x-rays from the anode onto the sample
surface, as defined by the Johann focussing geometry. For
reflection from the 1010 quartz plane, the associated Bragg 
o 1angle of 78 32 for A1 Ka x-rays is large enough to limit the
amount of geometrical aberrations resulting from the Johann
/ 1Q2
approximate focussing conditions; ' Both the reflected 
x-ray intensity and dispersion are approaching optimum values 
for A1 Ka x-rays, with the theoretical linewidth reduced to 
0*16evi183)
Fig. 6.1 X-RAY MONOCHROMATOR GEOMETRY
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For Ag La x-rays with a wavelength of 4.1544A incident 
on the 1010 quartz plane, the second order Bragg reflection 
occurs at 77*5°; only 1 degree less than A1 Ka. Unfortunately 
the energy dispersion at high Bragg angles, although large, 
is very sensitive to changes in angle. This follows from the 
Bragg law (equation 6.1). Differentiating equation 6.1 gives:
dfl2d -j-^ = n sec0 Equn. 6.3
c . . .Now E = hv = hy. Differentiating this and rearranging we
A
get:
A i i|AXI = |AE I Equn. 6.4
From equation 6.3 we find that
n AA = 2 d cosG A0 Equn. 6.5
Rearranging equation 6.5 will give:
A0 = ~ n AX
2 d cos 0
Combining equations 6.4 and 6 . 6  we find that -
v2
' A0 | = IAE Ihc( 2 d cos0 )
But 2 2 2 2 
4 d cos 0 + 4d sin 0 = 4d‘
Equn. 6.6
Equn. 6.7 
Equn. 6 . 8
And using equations 6.1 and 6 . 8
24d cos 0 + 2 .2 n A = 4d‘
which gives
2 d cos0 = J 4d - n 3 A^ 6.9Equn
Consequently, for a change | A0 ( of Bragg angle, the change in 
the reflected photon energy |AE| can be described by 
substituting equation 6.9 into equation 6.7:
A0 = n A*"
. / . , 2  272he v/4d -n A
I AE Equn. 6.10
The graph of energy dispersion | A0/AE j against photon energy 
E (fig. 6.2) shows that despite the small 1 reduction of 
Bragg angle between A1 and Ag x-rays, the energy dispersion 
has dropped from 33*194x10 4  to 15*190x10 4  radians eV The 
energy dispersion | A x/Ae | across the sample also depends on 
the diameter R of the Rowland circle of the monochromator, 
thus :
I / W  I /\ H
EqunA*AE
r 1
and Ax
AE
AE
Z R sin0 A0AE
6.11
Equn. 6.12
In the case of a 0*5m diameter Ag La monochromator using the 
second order reflection from the 1 0 1 0  plane of a quartz crystal, 
the dispersion at the sample surface is 0*742 mm eV  ^ compared 
to 1 • 6  mm eV  ^ for A1 Ka x-rays.
To optimize the performance of a fine focussing 
monochromator, it is essential to minimize the width of the 
x-ray line in the dispersion plane of the spectrometer. For 
both types of x-ray a 1 mm x 6 mm x-ray line source was used; 
for Ag La x-rays this produced an energy width at the sample 
of l*3eV. This width is about half the natural linewidth of 
the Ag La line, and as a resolution limit should be sufficient 
to transform it into a practical source for XPS.
Fig. 6.2 ENERGY DISPERSION DEPENDENCE OF THE HALF METRE 
QUARTZ CRYSTAL MONOCHROMATOR ON PHOTON ENERGY & 
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n=3n=2n = l
30  '
20 -
3 0 0 0  
Ag LcX
PHOTON ENERGY ( e V )
2000 4 0 0 0
6.4 Experimental
Data was collected on a conventional V.G. ESCALAB mk. II 
spectrometer fitted with a % metre diameter Rowland circle 
monochromator incorporating a single quartz crystal grating.
No window was fitted between the monochromator and sample.
When operating as a standard A1 Ka monochromator, the 
intensity performance achieved from the elemental Ag 3d^peak 
was more than 8000 counts s  ^ at 0*65eV full width at half 
maximum intensity (FWHM). This gave confidence that it could 
be converted for use as an Ag La monochromator. An order of 
magnitude reduction in sensitivity on changing anodes would 
still result in monochromatized intensities greater than those 
from other conventional commercial XPS monochromators. This
monochromator also benefitted from the ease of adjustment 
associated with the single crystal design.
The A1 anode was replaced by an Ag coated anode of 
identical design. Retuning the monochromator to the Ag LOt line 
was achieved by moving the anode position outwards by 17*6 mm 
and tilting the crystal by 2° (ie 2 0 degrees). The maximum 
anode power loading applied to this prototype anode was set 
at lkW (67mA at 15kV), although the results obtained were all 
collected at 300W (20mA at 15kV).
The reference materials used as standards were the 
purest available; Mg and A1 foils, Si wafer and NaCl as a . 
pressed pellet. The glass fibre samples were prepared from 
soda free E glass (Pilkingtons Ltd.) with an average 
composition as shown in table 6.7.
Table 6.7 COMPOSITION OF SODA FREE E GLASS
OXIDE At%
S i ° 2
54- 4
CaO 17*5
A 1 2°3 14*4
MgO 4- 5
B2°3 8 * 0
K 2 ° 0*5
Fe2°3 0*4
The glass fibres were heat cleaned in air at 400°C for 24 
hours and one sample was analysed directly by Ag LCX 
monochromatized XPS. A second sample was treated with a 5% 
solution of the silane adhesion promoter y-aminopropyl-tri- 
ethoxy-silane (Union Carbide A-1100) in methanol (BDH 
chemicals)^ ^  The clean glass fibre was placed in the silane 
solution for 30sec., rinsed in pure methanol and then dried in 
air. A third glass fibre sample was prepared by sizing before 
being treated with the silane solution. The carbon fibre 
sample was produced by pyrolysis of polyacrylonitrile. The 
fibres were first cleaned by heating in air to 600°C for 1 
hour, and after cooling, the fibres were dipped into the 
silane solution for 30sec. After drying all the fibres were 
analysed by monochromatized Ag L(X XPS.
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6.5 Results and Discussion
6.5.1 Reference Standards
The spectrometer energy scale was initially calibrated 
on the Fermi edge of Ag with a kinetic energy of 2984*3+0*05eV.
Four reference samples: Mg; A1; Si and NaCl were 
analysed by the new source. The respective survey scans (figs.
6.3 - 6 .6 ) display the strongly excited Is core level and 
KLL Auger series for the elements up to Cl. Higher resolution 
studies of the Is core level peaks from these samples 
confirmed (figs. 6.7 - 6.9) that for the lighter elements, 
the FWHM is limited to about l*3eV by the x-ray linewidth 
remaining after monochromatization. For the heavier elements, 
the observed peak widths increase in proportion to the 
natural lifetime broadening of the core levels. Nevertheless, 
chemical state information can still be retrieved from XPS 
peaks with FWHM of up to 2eV, making this x-ray source highly 
suitable for chemical state studies of the elements from A1 
through to Cl.
As a result of the improved resolution gained in this
study, accurate core level and Auger peak energies were
measured; the results are listed in table 6.8. By combining
these quantities for each element X, the Auger parameters
A may be determined from^1^ : -  x
Ax = Ek e (k l l )x  - e b e <1s)X - hV Equn. 6.13
The value of A is sensitive to the chemical environment of x
element X and insensitive to the degree of sample charging. 
This was found to be of extreme importance when the series of 
silane treated glass and carbon fibre samples were 
systematically studied.
Table 6.8 REFERENCE SAMPLE PEAK POSITIONS IN Ag La XPS
SAMPLE BE:1s(eV) 
+0•1eV
KEjKL23L23<eV) 
+0-leV
AUGER PARAMETER 
A(eV) +0-2eV
Mg 1303-8 1185-5 -494-9
A1 1559-8 1392-9 -31 • 5
Si 1839-4 1616-3 471 • 5
Cl (as NaCl) 2836-2 2369*8 2221-8
6.5.2 Glass and Carbon Fibre Samples
The incorporation of coupling agents to improve the
adhesion of organic polymer systems, such as paints and resins,
to surfaces is a common manufacturing practice. It is the
nature of the bonding of these adhesion promoter coupling
agents to the substrate that is the key to their success; this
bonding can only be studied properly by surface sensitive
techniques(-^4) study of silane on glass fibres, made here,
supports this view and demonstrates how rapidly a new
development in XPS can be applied to modern industrial practice.
Glass surfaces have been studied extensively by
XFsi185-188’195’196) AEsS189-191) SIMS<192’193> and IS s R 94> It
has been found that the x-ray and ion based techniques are the
most successful since electron beams induce rapid ion migration
in the surface region 1  ^ XPS has been used to compare the
surface compositions of glass fibres throughout the fabrication
(188 )and application' ' although most XPS glass studies have
concentrated on the detection of bridging and non-bridging O
, , ., . (186,195) , . , .m  the silicate structure: ’ The chemical bonding of
organic molecules to glass surfaces has also been thoroughly
(186,195)
investigated.
Glass fibre coatings have been studied by both SIMS and
(194) . . .ISS; ' looking specifically at the nature of the interfaces
from the epoxide to silane and silane to glass substrate. The
ISS results from this study showed that with Y-aminopropyl-
triethoxy-silane as coupling agent, three distinct overlayers
could be detected on the glass, and it was postulated that
these resulted from incomplete curing of the silane layer.
H e r c u l e s ) used silane coated glass fibres as a precursor
to the formation of a dithiocarbamate chelating surface for
the retention of heavy metal ions from solution for XPS
analysis. The bonding of the silane to the glass fibre was
not investigated, but assumed to be strong.
The bonding of silane to four fibre samples was studied 
here in more detail by using monochromatized Ag LOt XPS to 
investigate the Si Is and Si KLL peaks from these systems.
Curve synthesis of each peak was performed to obtain the 
closest fit with the experimental data. Auger parameter values 
for Si could then be determined. For silicate structures, such 
as in glasses, the Si Auger parameter is a measure of the 
polarizability of the o.xygen atoms surrounding the Si,
(Chapter 4):
A0 . = K(X Equn. 6.14Si o ^
The oxygen polarizability a varies between the values of
3 3 ^0*9A and 2*7A in silicates, depending on their structure and
the concentrations of other cations in the matrix. Consequently
the Si Auger parameter is an excellent indicator of the
chemical nature of the surface structure associated with Si.
The silane treated carbon fibres were included in this 
study as a well defined control sample. The Si peaks would 
only be present in one chemical state, from the silane 
physisorbed on the carbon fibre surface. In addition, the 
surface topography would be very similar to that of the glass 
fibre samples. As expected the Si peaks possessed narrow 
linew.idths, and the associated Auger parameter suggested that 
the equivalent oxygen polarizability was 1*20$.^ (table 6.9).
The spectra from clean glass fibres (fig. 6.10) had 
strong Si peaks which were broader than those of silane on 
carbon fibres. Curve synthesis of these Si peaks showed that 
two states were observed in both peaks. The Auger parameters 
of these two states (table 6.9) were found to be very close
6.10 COMPARISON OF THE Si Is & Si KLL AUGER PEAKS FROM 
TREATED GLASS & CARBON FIBRES, EXCITED BY 
MONOCHROMATIZED Ag La XPS
Si (KLL)Si(ls)
GLASS FIBRE TYPE E 
AFTER S IZ IN G  A SILANE  
TREATMENT
'GLASS FIBRE TYPE E 
AFTER SILANE TREATMENT
GLASS FIBRE TYPE E 
AFTER CLEANING
CARBON FIBRES TREATED 
ATTIi SILANE A l lO O
1845 
B.E.(eV)
1840 1850 1615 1610 1605
together, suggesting two similar chemical states.
The analysis of the spectra from silaned glass fibres 
(fig. 6.11) indicated three Si states which from the Auger 
parameters seemed to belong to three chemical species 
(table 6.9); these could be associated with incompletely 
cured silane. When the glass fibres were sized as well as 
silaned, there appears to have been a chemical interaction 
between the silane and the glass fibre. Two distinct states 
are found from the curve synthesis of the Si Is and Si KLL 
peaks, and the Auger parameters (table 6.9) suggest considerable 
de-oxygenation of the silane overlayer.
Table 6.9 SILICON AUGER PARAMETERS A ± AND OXYGEN POLARIZABILITIES
a FROM COATED FIBRES o
Si Is 
BE(eV)
Si KLL 
KE(eV)
Asi(ev ) v * 3 >
PREVIOUS WORK (CHAPTER 3)
Si 472-0 -
S3N4 469-85 -
sio2 468-05 1-42
Ca(Al2SiyOl8)-7H20 467-6 0-91
A(a =0*00)v o ’ 465-8 0-00
Ag La DATA ON FIBRES
Silane on Carbon Fibres 467-7 1-20
Glass Fibre after Cleaning 1868-9 1581-9 466-5 0-44
1866-9 1584-1 466-7 0-57
Glass Fibre after Silane 1848-9 1602-9 467-5 1-07
Treatment 1847-3 1604-7 467-7 1 • 20
1845-8 1606-1 467*6 1 • 14
Sized Glass fibre after 1872-3 1579-9 467-9 1-32
Silane Treatment 1870-8 1581•6 468-1 1-45
1869-4 1583-4 468-5 1-70
1867* 5 1585-4 468-6 1-76
The results from these four cases can be summarized 
(as in fig. 6.12) in the following way.--
1. The weak bonding of the silane to the carbon fibres
2. The hydroxylated (OH ) glass surface
3. The replacement of hydroxyl croups with silane molecules
4. The strong chemical interaction of the silane with the 
glass fibres.
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6.6 Conclusions
Monochromatized Ag La x-rays can be generated from a 
conventional A1 KOt monochromator by simply replacing the anode 
with one of Ag, and retuning to the new x-ray line. The Ag La 
line produced in this way is considered to be the most suitable 
higher energy x-ray source for general use in XPS for the 
following reasons:
1) Strong core level peaks are generated by Ag x-rays from all 
the important elements, especially from A1, Si, P, S and Cl, 
which are not well catered for in conventional XPS.
2) Auger peaks are detected from nearly every element, and this 
makes Auger parameter measurement available on a routine 
basis.
3) The monochromatized Ag x-ray source has a linewidth narrower 
than any conventional x-ray with an energy above 2000eV.
This makes it highly suitable for accurate chemical state 
analysis.
4) This source benefits from the usual improvements of 
monochromatization, including improved signal to background 
ratio, reduction in beam induced damage and the removal of 
Bremsstrahlung and interfering satellites, which in this
case include the Ag La0/1 line at 3150*9eV.
34
5) Ag has the highest thermal conductivity of any material at 
room temperature, and can withstand much greater power 
loadings as an x-ray anode material than any other element.
CHAPTER 7 CONCLUDING DISCUSSION
7.1 Extending the Energy Range of XPS
7.1.1 New Photoelectron and Auger Peaks
New photoelectron and Auger lines excited by the higher 
energy x-rays will provide the majority of the information 
that is newly available from higher energy XPS. It is possible 
to predict which elements will benefit most from higher 
energy XPS from the values of their core level binding 
energies. The higher energy x-ray sources studied here are 
judged on a scale from 1-10, according to their utility for 
generating new XPS peaks; the results are tabulated against 
sample atomic number in table 7.1. The criteria used for each 
value were the number of new peaks generated and their 
relative intensities. The Bremsstrahlung values are limited, 
due to the lack of discrete core level peaks and the low 
intensities of the Auger peaks.
The most important spectral improvements will occur 
for the elements A1 - Cl, where it is predicted that Ag La 
x-rays would provide the greatest overall improvement. For 
the specific studies of A1 or Br on surfaces, Si Ka XPS 
would be strongly recommended. It has been shown in Chapter 
2 that quantitative surface studies can be made with Si Ka 
x-rays. Zr Lot XPS has been shown (in Chapter 3) to be well 
suited to the surface analysis of combined Si and A1 
compounds, with strong core level and Auger peaks being 
generated from both elements. In addition the Si and A1 KLV 
(i.e. KLM) Auger peaks are readily accessible, and carry 
useful valence band information.
7•1•2 X-Ray Linewidths
An essential prerequisite for accurate surface 
chemical state analysis in XPS is a narrow x-ray linewidth, 
since this determines the ultimate spectral resolution. 
Comparison of x-ray linewidths with photon energy (fig. 1.2, 
page 5) shows that the Si K0£ value of 1 • OeV follows the 
FWHM trend set by Mg Ka and A1 Ka x-rays. Zr La x-rays are 
much broader (l*7eV) and approach the limit of utility for 
XPS. For Si Is and A1 Is core levels strongly excited by
Table 7.1 LIST OF VALUES FOR USING FOR HIGHER ENERGY XPS 
SOURCES
At. 
No.
ELEMENT Si Ka 
1739 * 4eV
Zr La 
2042* 4eV
Ag La 
2984*3eV
Bremsstrahlung
Li-Ne - - - -
11 Na - - - -
12 Mg - - - -
13 A1 9 7 6 5
14 Si - 9 8 5
15 P - - 9 5
16 S - - 9 5
17 Cl - - ‘ 9 5
19 K - - - 4
20 Ca - - - 2
Sc-As - - - -
34 Se 8 4 3 5
35 Br 9 6 4 5
37 Rb- 6 8 5 5
38 Sr - 9 6 5
Y - Nb - - 8 5
Mo-Er - - - -
Tm-Hf 9 8 6 5
73 Ta - 9 7 5
74 W - 9 8 5
75 Re - 9 8 5
76 Os - 6 8 5
77 Ir - - 8 5
78 Pt - - 9 5
79 Au - - 9 5
80 Hg - - 9 5
81 T1 - - 9 5
82 Pb - • - 9 5
83 Bi - - 9 5
Zr La x-rays, other instrumental broadening factors would be 
minimized, making the source just acceptable for this 
specific case. By monochromatizing the Ag La x-rays, the 
natural linewidth is reduced to 1*2 - l*3eV and, combined 
with the range of accessible new core levels and Auger peaks,
makes this source the most suitable general high energy x-ray 
to be studied here. Monochromatization of an x-ray beam 
reduces the flux on the sample by a factor of about 10 times, 
however instrumental sensitivity improvements in analyser 
collection and detection efficiencies can partially compensate 
for this signal loss.
When investigating insulating samples with this source, 
a charge neutralizing electron or U.V. flood gun is required 
due to the scarcity of low energy electrons in the vicinity of 
the sample. With a conventional unmonochromatized source, 
there are sufficient electrons emitted from the x-ray source 
window.
7.1.3 Satellite X-Ray Lines
Si KCX x-rays follow the Mg and A1 Ka trend towards low
Ka3 , Ka4 satellite intensities, with the respective Si values
being only 6*1% and 2*0% of the Kan 0 intensity (table 2.5,l , z
page 37). Zr La x-rays suffer from a strong Lp line at 80eV 
higher energy (fig. 3.1 and table 3.1, page 77); this is a 
second severe handicap which also limits the use of Zr LOt 
x-rays for general higher energy XPS. On monochromatization, 
all satellite lines and Bremsstrahlung are removed from the 
Ag La x-ray spectrum and this makes a dramatic improvement on 
the quality of the spectrum.
7.2 Electron IMPP Changes with X-Ray Energy in XPS
7.2.1 Energy Dependence of IMFP X
The energy dependence of the inelastic mean free path, 
IMFPX (E) for kinetic energies greater than lOOeV can be 
described in terms oftthe kinetic energy of the emitted 
electrons by:
X(Ek ) = kE^ Equn. 7.1
The value of k is determined by the nature of the sample 
surface, especially its electron density; n should be a 
universal parameter, although its value remains controversial. 
Measurements on the SiO^ layer on Si in Zr LOt XPS provided 
the value of k = 0*386, and n = 0*608 for equation 7.1. The 
value of n here being within the range of controversy of 
0* 5(48) to 0*75^199^
With high energy photons, the ranges of electron kinetic
energies and IMFP values will be greater than in conventional 
XPS, and more care will be required in assessing the sampling 
depth of each peak. For the Zr La XPS study of silicates, Si 
peaks of widely different IMFP were used to determine the 
level of surface contamination (section 3.5.2), while peaks 
with similar IMFP values were chosen to confirm the 
stoichiometric purity of the surface (section 3.5.1).
7.2.2 IMFP Dependence on X-Ray Photon Energy in XPS
As the kinetic energies of photoelectron peaks in XPS 
are linearly dependent on the x-ray photon energy (equation 
1.2), changes in IMFP and "sampling depth" can be easily 
achieved by switching x-ray source. The potential value of 
this phenomena for appropriate layered samples was expressed 
by Castle(^0) as enhancement factor F:
F = Equn- 7 -2
= exp [«VA sin 0)(E1/E2 )^ - assuming XcC e
where I and I are the intensities of a core level peak from
U  1—S
the upper and lower layers(or substrate) respectively. 
Determination of this factor would facilitate the detection 
and measurement of layered surfaces, and also identify the 
presence of an alternative 'island* structure. The accuracy 
of the enhancement factor depends on the thickness of the 
upper layer, d, and on the ratio of the peak kinetic energies 
in the two radiations: E^ and E^«
For the Mg Ka and A1 Ka combination, E^ = (E2+233)eV, 
and so :
<ei/e2)"2 = d+lj}1'6
/ 48 b 5^For a Mg and Si Ka combination, (E1/E ) = (1 + — — ) and so
2
a greater enhancement, F, will be observed for the same 
overlayer thickness and core level peak kinetic energy E^-
7.2.3 Zr La XPS of Dicalcium Silicate - An Application of 
Layer Thickness Determination
The variation in IMFP between the Si Is (E^ . = 200eV) 
and the Si KLL Auger peak (E^ = 1600eV) in Zr La XPS can be 
used to advantage when studying altered layers on silicates. 
Dicalcium silicate is used in metallurgical casting and its
physical properties are strongly affected by the nature of 
the particle surfaces. A faulty batch was rapidly tested by 
Zr La XPS, and the Si Auger parameter of 1409*leV indicated a 
strongly hydroxylated surface (see fig. 3.21, page 128). 
Additionally, the Si KLL Auger peak was split into two 
components, from the upper layer and substrate, while the 
Si Is was observed as a singlet from the upper altered layer.
By applying the relevant IMFP dependence with electron energy 
(see section 3.4.4), the thickness of this hydroxylated 
overlayer was determined to be 5*4$..
7.3 General Summary
The aims of this thesis, as identified in section 1.5 
(page 18) were to characterize and evaluate the benefits of the 
most suitable high energy x-ray sources for XPS. The 
characteristics of the x-rays studied are listed in table 7.2, 
and are followed by a summary of the areas in which each high 
energy x-ray source was developed.
Table 7 . 2 CHARACTERISTICS OF HIGH ENERGY XPS SOURCES
X-RAYS: Si Ka Zr La MONO.Ag La BREMSSTR.
X-RAY CHARACTERIZATION
Photon Energy hv 1739*4eV 2042*4eV 2984*3eV -
X-Ray FWHM 1 * OeV 1 • 6eV 1 • 3eV -
Satellites 1750* 85eV - - -
Ka4 1752•7eV - - -
LP - 2124*4eV - -
SOURCE FABRICATION
Anode Bonded Friction Evaporated Evapor­
Wafer Weld (or solid) ated
Window Si02
Zr - Cu
Be foil . A1 or Be
Power Dissipation(max)
Film
300W 600W 600W
foil
600W
Geometrical Requirement As As
(lkW solid) 
Modi fied As
Standard Standard ^metre A1 Standard
Source Source Monochrom.Source
NEW INFORMATION See Table 7. 1
Si KOC XPS
Sensitivity factor measurements were made in Si Ka XPS of 
110 subshells from 45 elements (tables 2.9 and 2.10). These 
were compared with the photoionization cross sections 
calculated by Scofield and modified here for Si KOt x-rays by 
logarithmic extrapolation (table 2.12). A closer fit between 
experimental and theoretical values was obtained by including 
the angular parameter, p , modified for Si KOt XPS (table 2.13). 
This close fit between experiment and theory resulted from the 
product of electron inelastic mean free path X , and 
spectrometer transmission function G being independent of 
electron energy under the conditions used (fig. 2.29).
Zr La XPS
A special study of the Si and A1, Is subshells and KLL
and KLV Auger peaks was made from 30 well characterized
silicate minerals (tables 3.6 - 10). The relative IMFP values
for Si Is and Si KLL electrons were determined by the relative
4+ ointensities of the Si and Si components for both peaks 
during a depth profiling of SiO^ on Si. By comparing 
accurately the energies of Is and KLL electrons from Si and Al, 
as Auger parameters, new chemical and structural information 
became accessible for each silicate studied.
These Al and Si Auger parameters were linked to the 
silicate bulk electrical polarizabilities by two independent 
routes, and a good fit was observed between these two methods 
(fig. 4.7). The electronic and optical properties of silicates 
are dominated by the oxygen polarizabilities, which 
are influenced by bond distances and cation electronegativities. 
As a result of this the surface co-ordination state of Al could 
be unequivocably identified for all aluminosilicate structures 
(fig. 4.13). It was essential to determine the minimum values 
of the Si and Al Auger parameters for this work, and the three 
independent methods used were found to agree closely (table 
4.7). The strong linear dependence of the Si KLV/KLL intensity 
ratio with Si Auger parameter value was predicted from theory, 
and observed for the first time in this study. Extrapolation 
to zero KLV intensity, which is equivalent to a zero extra- 
atomic relaxation energy, gave a value for the Auger parameter 
at this point.
Bremsstrahlunq Induced Auger Spectroscopy
The surface analytical value of the Bremsstrahlung 
induced Auger peaks has been underestimated in conventional 
XPS until recently. For some elements (table 5.1) extra 
chemical and structural surface information may be extracted 
from these peaks. As examples, the Si and Al Auger parameters 
from a series of compounds and silicates were measured using 
the 2p subshell (tables 5.4 - 7). These showed that the Auger 
parameters were directly proportional to the electronegativity of 
the nearest neighbour anion. A strong linear correlation 
between the Si Auger parameters induced by Zr La x-rays and 
Bremsstrahlung (fig. 5.11), over the whole energy range 
confirmed that the two types of parameter were interchangeable 
for Si. Comparison of Si and Al Bremsstrahlung Auger parameters 
produced a similar plot to that in Zr La XPS.
Monochromatized Ag La XPS
The ability to monochromatize Ag La x-rays by using a 
conventional Al monochromator with little modification is the 
most important recent development in high energy XPS. Many 
important new peaks can be induced by this source, including 
narrower Is subshell peaks from Al to Cl (fig. 6.9). The 
benefit of this x-ray source was tested by the analysis of 
complex silane coated, glass fibre samples, where Si was 
present at the surface in more than one chemical state. Curve 
synthesis analysis of the respective Si Is and KLL Auger peaks 
provided Auger parameters which indicated the degree of 
bonding between the silane and silica substrate.
7.4 Projected Spectrometer for the Future Study of High
Energy XPS
It is proposed that the higher energy x-rays that are 
the most likely to be successful for future use in XPS are 
Si KOt x-rays (1739*4eV) and monochromatized Ag LCt x-rays 
(2984»2eV). Zr LOt x-rays are specifically useful for the 
study of Al and Si compounds, for which an evaporated Zr/Mg 
twin anode can be fabricated. The Bremsstrahlung from an 
unmonochromatized x-ray source will always be valuable for 
the generation of higher energy Auger peaks.
It can be argued that Si is more suitable than Al for 
pairing with Mg on a twin anode source. The following
advantages arise from a Mg/Si twin anode source:-
1) Extension of the Is core level and KLL Auger peaks to Al.
2) Greater change in IMFP from core level peaks when switching 
x-ray, producing larger enhancement factors (equation 7.2).
3) Greater Auger peak to photoelectron peak shift when 
switching x-ray, and so reduced peak overlap.
4) Reduced x-ray satellite intensities
The disadvantages of changing from Al to Si on a twin anode 
source are:
1) Increase in x-ray linewidth from 0*9eV to l*OeV.
2) A reduced maximum anode operating power.
Neither of these factors would be expected to cause problems, 
as the x-ray linewidth can be removed by computation, if 
necessary, and modern electron spectrometers are sensitive 
enough to run adequately at lower x-ray powers. The optimized 
higher energy XPS spectrometer would incorporate the design 
features shown in fig. 7.1.
Fig. 7.1 OPTIMIZED HIGHER ENERGY XPS SPECTROMETER
Electron Transfer Lens
Flood Gun
X-Ray
MonochromatorTwin Anode 
Source
SiO Al
Si Ag LOC X-Rays
SampleWindow
Plate Be
The twin anode x-ray source would contain a Mg/Si anode 
and be enclosed by a Be window. Outside the x-ray source 
would be fitted with a moveable window plate containing Al 
foil and SiO^ blown quartz windows. The %n monochromator 
would be fitted with a solid Ag anode and a charge 
neutralizing electron flood gun may be incorporated into the 
chamber.
Conventional Mg Ka XPS would be obtained by selecting 
the Mg x-rays and adjusting the window plate for the x-rays 
to pass through the Al foil and onto the sample. Si Ka XPS 
would be chosen by switching to the Si anode face and 
adjusting the window plate to the SiO^ film. Enhanced 
Bremsstrahlung emission could be gained by moving the window 
plate away from the x-ray source. Monochromatized Ag La XPS 
would be selected by switching to monochromator operation.
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AB STRACT
This paper describes the manufacture and use o f a silicon K a  X-ray source giving a 
characteristic photon o f energy 1739.4 eV. Resolution and signal strength are given for 
the Au N 7 line. Sensitivity factors relative to the fluorine Is  peak are provided for 45 key 
elements. These data are used to show that the transmission function o f the ESCA 3 
spectrometer (V .G . Scientific L td .) is close to the inverse o f the function describing 
the inelastic mean free path over the kinetic energy range 170—1450 eV.
IN T R O D U C T IO N
The potential value of the Si Ka and Zr La X-rays as sources for photo­
electron spectroscopy has already been pointed out [1, 2]. Figure 1 shows 
the relative positions of the photo- and Auger-lines in the Is and 2p series 
as would be excited by Mg, Al, and Si Ka and by Zr La X-rays. The latter 
source is in regular use in this laboratory [2] and has a unique value for the 
study of silicon. However, its unmonochromated linewidth is distinctly 
greater than that of the Ka series [3]. The silicon Ka radiation from a well- 
constructed source has a linewidth which should not be unreasonable for 
general use and has the advantage of exciting important lines in the alu­
minium spectrum. With this in mind the sensitivity factors for a large num­
ber of elements have now been determined. We also describe the construc­
tion of a silicon source made up as a combination with magnesium in a twin 
anode for the ESCA 3 Mk II spectrometer (V.G. Scientific Ltd.). Such an 
anode was in general use over a period of six months and remained in per­
fect condition. Results for sensitivity versus resolution have been obtained 
for this combination anode together with sensitivity factors for a large num­
ber of elements, so that this source is now suited to adoption by workers 
in other laboratories.
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Fig. 1. Relative positions of the photo- and Auger-electron lines from the deepest Is  and 
2p3/2 orbitals accessible w ith the four radiations used in the Authors’ laboratory.
E X P E R IM E N TA L
Addition of glove box. Many of the fluorides, which are otherwise ideal as 
standards, hydrolyse readily on exposure to air. This problem was overcome 
by the provision of a subsidiary specimen-holder permitting direct access to 
the spectrometer from an inert-atmosphere glove box. The details of the 
arrangement adopted are shown in Fig. 2a. The glove box was linked to the 
38-mm end-port by an extension piece carrying the holder for a modified 
version of the short sample-probe used in the V.G. ESCA 2 and ESCA 3 Mk I 
spectrometers.
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Fig. 2. (a) (le ft) Modification o f the ESCA 3 M k ll  by the addition of an inert-atmosphere 
glove box. (b) (right) Silicon anode fabrication jig.
The glove box was filled with high-purity argon (B.O.C. Ltd., G.B.) which 
was maintained clean by constant circulation through a furnace containing 
titanium sponge at 800° C. In use, the spectrometer vacuum was broken by 
means of a gas admission valve mounted inside the glove box, utilising the 
high purity argon. The probe was removed into the box, the samples moun­
ted, and the probe replaced directly into a fixed analytical position of 45° to 
the analyser entrance slit within the spectrometer.
Anode fabrication. The standard ESCA III Al/Mg twin anode was replaced 
by a novel Si/Mg anode, the silicon side of which was fabricated by bonding 
on a silicon wafer with a high-temperature, metal-loaded, epoxide adhesive. 
One face of a semicircular silicon wafer (0.8 m m  depth and 7.0 m m  diam­
eter) was prepared for bonding to the anode base by first sputtering with 
argon ions to remove the oxide layer and then evaporating titanium onto 
the surface to a depth of about 800 A. Both processes were monitored by 
XPS. The silicon wafer was transferred to the glove box where its titanium- 
coated face was cemented to the blank copper surface of a twin anode using 
Ablebond 71/1 adhesive (Dage, Gt. Britain, Ltd., Pinner, Middlesex, U.K.). 
It was necessary to cure the bond for three hours at 150° C in air. During the 
curing treatment, pressure was continuously applied to the silicon wafer 
using the steel tube in which the anode had been supplied as a jig. The closed 
end of this tube was removed so that a 60-g steel plug could be inserted to 
rest vertically on the anode, Fig. 2b. The Si/Mg anode worked efficiently 
over a period of six months at up to 150 watts (15 kV at 10 mA), and on 
removal no pitting of the silicon wafer could be found.
A very thin section of silica glass was used for the X-ray source window 
because of this material’s low mass-absorption to Si Ka X-rays [4]. The 
flattest piece obtained from the fragments of a bubble blown from molten 
silica was selected and fitted to the window holder. Care had to be taken not
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to crack the silica film, but it was found that the practice of coating it with 
gold [1] could be discontinued, as no effects due to window charging were 
observed.
Sample preparation. The materials used for standards are listed in Tables 
3— 5. The policy adopted in choosing these materials was to use the fluoride 
when obtainable in stable crystalline form of small unit-cell size. In other 
cases, small-cell oxides were used, taking oxygen measured relative to alu­
minium as a subsidiary standard. Sodium measured relative to fluorine was 
used as a subsidiary standard for Cl, P, S, Si, Br, Mo, Sn.
All the fluoride samples used for standardisation were the purest com­
mercially available (Koch-Light Laboratories Ltd., Colnbrook, Bucks., U.K.). 
The containers in which they were supplied were opened in the glove box 
immediately before analysis, the powders embedded in indium foil [5], then 
transferred to the ESCA III analyser chamber. A wide-scan spectrum was 
taken of each sample as a check for purity. No signal was ever detected 
from the indium substrate, showing that good coverage had been achieved. 
“Hydrocarbon” contamination, as judged by the intensity of the C^ peak at 
285 eV, was low on all samples. The analyser pass-energy was set to 100 eV 
and the entrance and exit slits to 2.0 mm. Counting was continued on the 
major peak of each element until counts in excess of 10,000 had been 
recorded.
RESULTS
To determine the ultimate resolution possible for Si Ka XPS in a com­
mercial spectrometer, the Au 4f1/2 linewidth at half maximum was measured 
at different analyser energies for the three types of radiation, Mg-Ko^, 
AlK a li2, and SiKa1>2 (Table 1 and Fig. 3). At low analyser pass-energies, 
resolution is limited in all three radiations by the separation between the 
a x and a2 components of the X-ray line. The a2 separation increases from 
0.3 eV in Mg Ka to 0.6 eV in Si Ka [6] and this, in part, increases the widths 
of the respective photoelectron peaks. The separation is sufficiently large 
in Si Ka to produce a noticeable asymmetry in the Au 4 /7 /2 peak at low 
pass-energies, and by applying a standard deconvolution routine, as in Fig. 4, 
the envelope could be split into the two components due to Si Kax and 
Si Ka2 with an intensity ratio of 2:1 and separation of 0.68eV. Both com­
ponents showed a natural linewidth of 0.8 eV (±0.05 eV). This deconvol­
ution, we believe, gives the best resolution obtainable for single peaks with 
XPS in unmonochromated Si Ka radiation.
Resolution decreases with increasing analyser pass-energy, and at 50 eV 
Al Ka and Si Ka resolutions converge, to give the same FWHM of 2.0 eV 
for the Au 4f1/2 line.
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TA B LE  1
V A R IA T IO N  OF R E S O LU TIO N  W IT H  A N A L Y S E R  E N E R G Y  FO R  Mg, A l A N D  Si Ka 
X -R A YS : E X C IT A T IO N  POWER, 300 W
Analyser energy (eV ) Mg Ka12 (eV ) A l K a lt 2 (eV ) S iX a 1>2 (eV)
50 1.80 2.01 2.00
20 1.21 1.35 1.51
10 1.00 1.16 1.24
5 0.97 1.09 1.20
Comparison of signal intensities. Absolute intensities for the Au 4f1/2 
line (i.e. peak height above background) were measured using the standard 
Mg/Al twin anode and the silicon source. The channeltron was not new, but 
was in the same condition and had the same settings for all measurements. 
The results (Table 2, Fig. 5) are thus typical of those to be expected after 
several months of regular use. Photoemission efficiency in Si Ka. is better 
than 90% of that achieved with Mg Ka.
Relative peak intensities. The area and height intensities of 110 subshells 
from 45 elements were compared with those of the F(ls) shell after first 
subtracting the background signals which were assumed to rise linearly
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RATIO 
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BE(eV)
Fig. 4. Deconvolution of the Au 4f 1/2 line measured at 5-eV analyser energy, showing 
the peak separation and widths of the two components of the Si X a 1>2 X-ray line: A , ex­
perimental peak envelope; B, Gaussian peaks giving the best f it  to A.
across the peaks. These values are listed as experimental intensity ratios in 
Tables 3— 5 And graphically as a function of atomic numbers in Figs. 6—8. It 
was possible, because of the higher energies of the Si Ka X-ray, to extend 
the range to deeper core-levels than those obtainable with Mg Ka or Al Ka 
lines. So the experimentally-based relative signal intensities from Al(ls) 
and Br(2p3/2) are reported for the first time.
All subshell peak intensities follow a general exponential increase with 
increasing z. Any divergence from this trend can be ascribed to a number 
of phenomena as discussed below. For the 2p, 3p, and 3d subshells, the 
sudden decreases in relative peak intensity at z = 21, z — 35 and z = 47, 
respectively, are all due to the fact that the spin splitting at these points is
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TA B LE 2
COM PARISON OF S IG N A L IN T E N S IT IE S  FO R  Au 4 f in  PEAK W IT H  Mg, A l A N D  
Si K a  X -R A Y S : E X C IT A T IO N  POWER, 300 W
Analyser energy 
(eV )
M g K a 1>2 (s 1 X 103 ) Al Kctlf2 (s '1 X 103 ) Si Ka12 (s 1 X 103 )
50 25.50 24.48 23.53
20 7.16 6.14 6.05
10 2.15 1.80 1.72
5 0.70 0.55 0.53
X103
30-
Mg K a,,
ai Ka,r
Si Ka
LU
CEt-z3ou
0 20 3010 40 50
ANALYSER ENERGY (eV)
Fig. 5. Signal intensity o f the Au 4/7/2 line for Mg, A l and Si Ka12 X-rays at 300 W.
sufficiently large for only one of the spin-state peaks to be measured.
There are no major discrepancies between these data and the sensitivity 
factors previously published for Mg and Al Ka radiations for spectrometers 
with pre-retardation and constant pass energy [7, 8]. To permit such com­
parisons to be made, both peak heights, as given by Wagner [7] and J0rg- 
ensen [8, 9], and peak areas, as used by Wagner [7] and in more recent 
work [10, 11], have been measured and tabulated.
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T A B L E  3
S E N S IT IV IT Y  FACTO RS R E L A T IV E  TO  F (ls )  FO R  ELEM ENTS IN  Si K a  
R A D IA T IO N : PERIO DS 2 A N D  3 \
z Element Compound Is  Orbitals 2s Orbitals 2p  Orbitals
Area Height Area Height Area Height
3 Li L iF 0.02 0.02
5 B N aBF4 0.13 0.15
6 C (C F 2—C F 2 )n 0.23 0.25
7 N k n o 3 0.40 0.43
8 0 A120 3, N a2 S 0 4g 0.68 0.67
9 F 1.00 1.00 0.05 0.05
11 Na NaF 2.03 2.08 0.13 0.14
12 Mg M gF2 2.73 2.87 0.16 0.17 0.10 0.11
13 A l a i f 3 3.44 3.81 0.21 0.22 0.15 0.17
14 Si K 2S iF6 0.19 0.19 0.23 0.22
15 P N a P 03g 0.36 0.26 0.27 0.27
16 S Na2S 0 4g 0.51 0.43
17 Cl NaC lg ----------- ------------ 0.63 0.52
a On these samples hydrolysis to a basic carbonate had occurred to a small extent. The 
oxygen-related component of the cation peak was removed by computer-assisted decon­
volution techniques.
b Some elemental Ge appeared in the spectrum and was removed by peak deconvolution. 
c Niobium pentafluoride N b F 5 decomposed in vacuum when irradiated by X-rays. 
d Corrected for overlap of Sn(4d) peak w ith  Na(2p). 
e Corrected for overlap o f Sb(4d) peak w ith F (ls ). 
f Corrected for overlap of Ba(3p) peak w ith  F (K L L )  Auger.
Secondary standards: area (height)
-g N a (ls ): 2 .03(2 .08). From NaF: 2 .0 2 (2 .0 7 ),Na2S iF6 : 1.98(2.10) and N aBF4 : 2.09(2 .06). 
h O (ls ): 0 .68(0 .67 ). From A120 3 : 0 .64(0 .62 ) and N a2S 0 4 : 0 .71(0.69).
1 P(2p ):  0 .27(0 .27 ). From N a P 0 3 : 0 .27(0 .27). 
j Ga(2p): 5 .09(4 .79 ). From GaP: 5.09(4 .79).
D ISCUSSIO N
Comparison with cross-section data, both calculated and experimental, 
requires determination of the transmission function of the instrument used. 
This is discussed below.
Transmission function. The intensity of emission from the Is subshell of 
an element, relative to the intensity of the F (Is) line, is given [12] by the 
relationship.
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F ( z , \ s ) «(<*(«. l s ) H E z , 1. ]*[£,, 1. ] /a(F> i.)X[^F, is ] K [ E Ft is ] ) (1)
where n is the atomic ratio of the element to fluorine in the compound 
studied and a is the photoemission cross-section of the defined levels on a 
common scale. The function X[E] represents the dependence of sampling- 
depth on the kinetic energy of the electron [13] and K[E] represents the 
transmission function of the instrument. The most recent assessment of in­
elastic mean free path based on some 350 data points shows that X[E] varies 
as E 112 over the normal XPS range of energies [14]. The function K[E] is 
dependent on the instrument used.
In an instrument of constant resolving power, K[E] varies directly with 
E [15]. However, in the constant-resolution mode, i.e. in instruments where 
pre-retardation is used (as in the Varian IEE, Physical Electronics CMA 
series, V.G. ESCA 2 and V.G. ESCA 3 instruments used in this work), it is 
stated that K[E] varies inversely with E (refs. 16— 18). The basis for this 
relationship is the brightness law in electron optics which states that B/U is 
constant, where B is the photometric brightness of the object per unit solid 
angle per unit area, and U is the potential of the electron [19]. The law was 
discussed in terms of LEED optics by Helmer and later extended to describe 
the case of pre-retardation in ESCA by Helmer and Weichert [16]. It is this 
latter paper which is frequently cited to substantiate the 1/E dependence.
In Helmer’s original paper it is clearly stated that the total flux trans­
mitted will only show the same dependence on potential as the brightness 
if linking apertures and slits are always filled. This condition is clearly not
Fig. 8. Relative cross-sections for the 3s, 4p  and 5d levels: see legend to Fig. 6 for expla­
nation of symbols.
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applicable to both orthogonal directions at the entry to a spherical or hemi­
spherical analyser. In a conventional hemispherical analyser, the acceptance 
angle in the radial direction is only some ±6°, whereas in the tangential 
direction it may be ±70° [17]. This large acceptance angle, together with 
the fact that the entry slit has a length which is much greater than that of 
the defining slit at the specimen, means that at a certain point, as the 
amount of retardation is reduced, the flux does not fill the acceptance angle, 
and in that orientation, i.e. tangential entry, the transmission becomes 
independent of electron energy. This point is implicit in the designers’ 
comments on the sensitivity of the ESCA 3 instrument [17], but it is 
usually assumed that this transition in transmission function occurs at such 
low values of kinetic energy as to be negligible. Carlson [20] has pointed to 
this uncertainty in transmission function over the normal range of use, and 
suggested that the best way for it to be determined would be by direct com­
parison of its sensitivity with the cross-sections determined on an instrument 
operating in the constant-resolving-power mode. Such cross-sections have 
recently been published by Evans et al. [11] for Mg .Kb: excitation with a 
hemispherical analyser, and by Brillson and Ceasar [10] for Al Ka. with a 
cylindrical-mirror analyser. These two compilations also provide a means 
for assessing the cross-sections calculated by Scofield [21]. Scofield’s data 
are recognised to have limitations, since neither asymmetry parameters, 
multiplet structures nor shake-up effects are included in the calculations, 
but such effects are at a minimum in the Is series. These data have the merit 
of being suitable for extrapolation to yield an Si Ka set of Is cross-sections 
which could, in turn, be combined with our experimental data to yield a 
transmission function. The match between experimental and theoretical 
cross-sections may be obtained from the degree of fit of the two data-sets to 
a regression line. Ceasar [22] found a correlation coefficient of 0.985, 
whilst Evans et al. [11] reported a correlation coefficient, r, of 0.995 with 
a line of slope 0.95. Individual deviations of given elements may be very 
large, probably because of inadequacies in theoretical data (e.g. for Li, 75% 
and 50% error in refs. 10 and 11, respectively). However, the fit is good 
enough to indicate that the assumptions made regarding the kinetic-energy 
term in the sensitivity factor, namely X[K]K[E] cc E 3/2 for the hemispheri­
cal analyser [11], and X[K]K[K] <* E~1/2 for the cylindrical-mirror analyser 
[10] , were well founded.
When data obtained from spherical energy-analysers operated with pre­
retardation are analysed in the same way, it is found that equally good fits 
are obtained by assuming that X[E]K[E] is independent of kinetic energy; 
for example, Wagner’s [7] Al Ka: data yield a slope of 0.95 with a corre­
lation, r, of 0.987, whereas Jorgensen and Berthou [8] found 1.14 (r =
0.994) and 1.04 (r = 0.997) for Al and Mg Ka, respectively. However, 
contamination levels in the early IEE spectrometers used by Wagner [7] 
and by Jorgensen [8] were high, and Wagner [23] has used an overall
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correction for contamination to account for the apparent constancy of the 
function X[jE ]!?[.£] in his results. However, in calculating this correction, 
X[E] was assumed to vary with E°'1S and it is doubtful whether contami­
nation would account for the constancy in X[i?]2£[i!/] if the 0.5- exponent 
had been adopted. More recently, Hall et al. [24] have reached the con­
clusion that XK  is constant for their Hewlett-Packard instrument operating 
over the energy range 1487—900 eV. Thus it appears that for spherical and 
hemispherical analysers having pre-retardation, the different orders of 
focussing in the two planes of entry do result in a transmission which varies 
more closely with E~l/2 than with E _1. In principle, this is the variation 
which we would expect the V.G. instrument to show.
We know of only one other determination [25] of the transmission func­
tion of the ESCA 3 instrument, which was achieved, indirectly, by com­
paring the photo-excited Auger to photoelectron intensity ratio for Al and 
Mg Ka. radiations at four energy intervals over the working range. In this 
analysis, Vulli and Starke showed that reference to the Auger peak in this 
way normalised the photoelectron intensities for the different fluxes and 
absolute photoionisation cross-sections in the two radiations. Thus it was 
shown that
K  = K[E]Mg/K[E]Ai = /MgAAiX [^ ] Ai/fAi-^Mg^t-^lMg (2)
i.e. K[E]Mg HE] Mg/K[E] AlM-^ ] Al — -^Mg^-Al/^Al^Mg
where I and A refer to the intensities of the photoelectron and Auger peaks, 
respectively, and the subscripts indicate the value of the given parameter 
at the kinetic energies appropriate to a common element in Mg or AlKa 
radiation. The value of K  was determined by measurement of the values I 
and A for the elements C, V, Ni, and Zn, and subsequent elimination of the 
ratio of \[E] by use of a best fit to the listing given by Brundle [26]. 
Vulli and Starke’s data thus enable the independence of X[l? ]!£[.£] from E 
to be checked. Table 6 shows the values obtained in this way, together with
TA B LE 6
D A T A  ON C O LLE C TIO N  E F F IC IE N C Y  D E T E R M IN E D  B Y  V U L L I A N D  STA R K E  
(REF. 25)
K [ E ] X [ E ] A i / iq m [ £ ] M g
Element Mean K.E.
(eV)
Observed Calculated 
(K [E ]  « E _1)
C 1086.5 1.17 1.11
V 857.5 1.18 1.15
Ni 515.5 1.19 1.26
Zn 349.5 1.21 1.42
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the variation expected from a dependence of K[E] on E~l as required by 
the brightness law. Clearly, K\ is very nearly independent of E and is far 
removed from the requirement of the brightness law. Vulli and Starke 
themselves found the difference in results for 20-eV and 50-eV analyser 
energies to be inconsistent with application of this law, and comparison of 
the two sets of data indicates a drop in the energy dependence of the trans­
mission function with increasing pass energy. This is in accordance with our 
assessment that the function XK is approximately constant at 100-eV pass 
energy.
Turning now to our own Is data, analysis is, of course, hampered by the 
lack of theoretical cross-sections for Si Ka excitation. However, examination 
of Scofield’s values [21] shows that there is very little difference between 
the factors for Al and Mg radiations. The ratio of the respective Is sets gives 
an expression for the relative cross-sections aA1 in Al Ka radiation as
aA1 = 1.07aMg — 0.055 (3)
where aMg is the equivalent Mg Ka cross-section. A correlation coefficient 
of 0.99999 holds for this relation. Since the incremental energy between 
Si and Al Ka is similar to that between Al and Mg Ka radiations, it is reason­
able to argue that
aSi = Mo A1 + C (4)
where to a first approximation M  = 1.07 and C = — 0.06. Hence eqn. (1)
becomes
F si = 1.01n(klE,,u]KlE''i,]o*urKlEriU]K[Et'U ]o$l'1.) + C (5)
where the “constant” C is given by 
C = -0.055(X[i;Z(ls]Z[^ls]/X[^ F(ls]lf[^ F(ls])
A first examination of the data reveals that the term in XK is so close to 
unity that C may be treated as a true constant with a value of 0.06. Thus 
the product A[f£].K’[.E], relative to the value for the F(ls) level, may be 
obtained directly from the regression coefficient fitting the Si Ka Is factors 
to Scofield’s Al Ka cross-sections normalised to F(ls). The value obtained 
is 1.06 with an intercept of — 0.02 and a correlation coefficient of 0.9995. 
Thus A[E].K[E] may be taken as constant with a high degree of certainty
over the energy range 1450— 170 eV for the ESCA 3 spectrometer. This
implies a direct equivalence between the experimental factors derived from 
peak areas and Si .Kb: photoemission cross-sections. These values are com­
pared with the trends shown in Scofield’s Al Ka data in the next section.
Silicon Ka photoemission cross-sections. The experimental cross-sections 
are plotted, together with lines representing Scofield’s theoretical values
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extrapolated to Si Ka, in Figs. 6— 8. Scofield’s values are calculated for 
total emission, and the lines shown have not been corrected for the asym­
metry which occurs , at fixed emission angles, 97° in the case of the instru­
ment used in this work. Previous authors [11] have found that the inclusion 
of asymmetry parameters does not lead to a better correlation between 
experimental and theoretical data, and have speculated that this is because 
multiple-scattering effects might considerably broaden the accepted emission 
angle. Linear regression analysis provides a fit between experimental and 
uncorrected theoretical data in the form of eqn. (5). The 103 points fitted 
to this relationship yielded values of M  = 0.970 and C = 0.024 (r = 0.99). 
However, as argued above, we would expect to find M  = 1.07 and C = —0.06. 
Inclusion of asymmetry parameters [27], taking (3 = 1.5 for p levels and 
estimating (3 = 1.25 for d levels, yields a correlation more closely in line with 
expectations (M  = 1.065, C = 0.002, r = 0.99). This degree of fit confirms 
our view that \[E]K[E] is constant under the conditions used in this work 
and also suggests that the j3 values may be important in the comparison of 
cross-section data with measured peak intensities.
Individual correlations of data for particular levels within this body of 
data are given in Table 7. The values of M  obtained are in line with the 
expected values for all major peaks, i.e. the Is, 2p, 3p, 3d, and Ad levels. The 
2s, 3s, and 4p levels all have poor correlation coefficients, and the values of 
M  and C for the 2s and 3s levels are in serious disagreement with those 
derived from comparison of Al and Mg K ol cross-sections. This deviation is 
mainly due to the low total counts achieved with these levels and with the
T A B L E  7
F IT T IN G  OF E X P E R IM E N T A L  Si Ka D A T A  W IT H  T H E O R E T IC A L  A l Ka CROSS- 
SECTIONS
Orbital Number of 
samples
Intercept
b
Slope
m
Slope after 
]3 correction
Correlation
coefficient
r
% Fit
Is 8 - 0 .0 1 9 1.07 1.07 1.00 13.3
2s 5 - 0 .0 0 8 0.96 0.96 0.90 16.9
2 p 22 - 0 .0 4 3 0.97 1.05 0.99 17.6
3s 6 -0 .0 8 3 1.36 1.36 0.98 12.2
3p 27 0.003 0.94 1.03 0.99 14.3
3d 23 0.094 0.97 1.10 1.00 17.3
4p 5 0.021 1.06 1.15 0.87 16.7
4 d 7 0.057 0.90 1.03 0.99 18.3
Mean for 
total samples 
(103)
1.09 16.0%
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small sizes of the sample groups. We would not ascribe theoretical signifi­
cance to them.
Deviation from theoretical value. By comparing experimental cross- 
sections from a number of groups it is possible to deduce systematic devi­
ations of the experimental results from the theoretical values. For the Is 
series it is observed that for the elements Li, Be, and B, experimental results 
are greater than theory by up to 70% (Fig. 9), and this trend is consistent 
over such a wide variety of conditions that the theoretical predictions must 
be suspected.
Wagner [23] has shown that photoelectron cross-sections and yields are 
not dependent on chemical state. This conclusion was reached after measur­
ing intra-elemental peak ratios and subsequent normalisation of the measure­
ments by dividing by the theoretical (Scofield) ratio of the peaks concerned. 
Equivalent calculations on our experimental results show very close agree­
ment with Wagner’s conclusion (Table 8 ). Close agreement (difference 
< 1 0 %) was also reached after division by the experimental cross-section 
ratio using Scofield’s data modified to take account of the higher photon
Kinetic Energy, Si Ka(eV)
—  Al Ka Scofield (21) 
o Mg Ka Evans et al. (11)
□ Al Ka Jorgensen et al. (8) 
• Si Ka This work
£  o io
Li Be B C N O F Ne Na Mg Al
Fig. 9. Comparison of relative cross-sections o f the Is  orbitals experimentally determined 
by several authors w ith the theoretical A l K a  cross-sections o f Scofield.
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TA B LE  8
CO M PARISO N OF IN T R A -E L E M E N T A L  IN T E N S IT Y  R A TIO S  IN  A lK a :  D A TA  
FR O M  T H IS  W O R K A N D  FR O M  W AG NER (R E F . 23)
Element Peak ratio Wagner [23 ] This w ork % Deviation
h l h I 1O2 I I 2O1 h l h h ° 2 l h ° i \h / h \ \h a 2 / h ° i \
Na ls/2s 17.00 0.82 16.10 0.81 5.6 1.2
Mg 2s/2p 1.70 0.97 1.70 0.99 0.0 2.0
A l 2s/2p 1.44 1.02 1.40 1.00 2.8 2.0
Cl 2s/2p 0.59 0.79 0.57 0.80 2.6 1.9
Cu 3s/3p 0.42 1.08 0.35 1.09 17.6 0.9
Zn 3s/3p 0.42 1.13 0.35 1.12 18.5 0.9
Ge 3p/3d 1.97 0.76 1.90 0.67 4.9 12.7
Se 3p/3d 1.84 0.92 1.28 0.99 35.9 7.3
Br 3p/3d 1.62 0.93 0.94 0.79 53.3 16.3
Y 3P3/2/3d 0.77 0.96 0.74 0.93 5.3 3.2
Mo 3Pj/2  /3d 0.35 0.67 0.49 0.78 34.7 15.2
Mean 17.6 6.2
energy of Si Ka X-rays. Such close correlation for such different exper­
imental conditions and photon energies encourages us to consider our data 
satisfactory and that any deviations from theoretical cross-section data 
should be thought of as limitations in the theoretical values. As other 
authors have observed [7, 8 , 10], considerable attenuation is found in the 
peak intensities of the transition elements (Ti Zn), especially for the first 
three members of the series where the empty 3d shells allow a higher pro­
portion of multi-electron processes to take place. Most of the remaining 
experimental data follow the modified theoretical curves reasonably well; 
however, as in the Mg Ka work by Evans et al. [11], it is found that there 
is a constant offset between the experimental points and the theoretical line 
below for the 3d and 4d series. As with Evans et al., we could not explain 
this, although the fit with our results was improved by taking into account 
the angular distribution parameter.
CO NC LU SIO N
The Si Ka source described here is a reliable and useful source for XPS. 
The agreement of experimental cross-sections with theoretical values is 
generally good, but systematic deviations do occur in certain regions of the 
periodic table. Thus it is suggested that intending users adopt the exper­
imental factors given here wherever possible: where values are not reported, 
Scofield’s Al Ka values modified according to eqn. (4) provide a satisfactory 
alternative.
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CHEMICAL SHIFTS IN Al-Si COMPOUNDS BY Zr La PHOTO­
ELECTRON SPECTROMETRY
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ABSTRACT
The excitation o f XPS spectra by Zr L a  radiation has the advantage that both the Is  
peaks and their K L L  Auger series are excited. This paper compares the peak positions, 
o f metals, oxide and certain aluminosilicates, obtained using Zr L a  radiation and thus 
demonstrates a dependence o f the Auger parameter on structures. This method o f charac­
terisation is particularly suitable for minerals such as silicates which are prone to  
charging, but is not possible for silicon with the conventional Mg and A1 sources.
IN T R O D U C T IO N
In an earlier communication1 it was shown how the need can arise, in XPS 
analysis, for a photon source of higher energy than A1 Ka, and the use of Si 
Ka (1740.0 eV) for the analysis of compounds of aluminium was described. 
This source is invaluable for the determination of aluminium in the presence 
of copper, as for example, in the passive layers on aluminium brass and 
aluminium bronze alloys. Further unpublished work with Si Ka has 
demonstrated the value of measurements of the Auger parameter2 in the 
study of the aluminosilicate compounds. As Wagner2 has pointed out, this 
value is independent of electrostatic charging; an important point when 
attempting XPS analysis of clays and related compounds3. In working with 
clays one is also particularly short of reference lines for silicon so that, 
although the chemical shift of the 2p lines for both aluminium and silicon 
oxides is good, there is grave difficulty in detecting the small shifts resulting 
from structural features in complex compounds4. Thus, ideally, the study of 
the aluminosilicates requires X-radiation of sufficient energy to excite the 
silicon Is lines and their attendant KLL Auger series.
The X-radiation of greater energy most commonly available is Cr Ka 
(5414.7 eV). Use of this high-energy line can pose problems in instruments 
working in the retarding field mode and, as Siegbahn et al. 5 pointed out,
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can be counter-productive because of the low cross-section of the low bind­
ing energy orbitals. Wagner2 has directed attention to the use of the La 
series and in particular of the Ag La line at 2984eV. In this paper we 
describe the useful results obtained using ZrLa (2042.4 eV) for analysis of 
the oxides and mixed compounds of aluminium and silicon. This radiation 
represents the minimum useful energy in the La series; it fits in well with 
the Mg, A1 and Si Ka series of energies and is obviously more amenable for 
use as an anode material than phosphorus, the next in line in the Ka series.
E X P E R IM E N TA L
The spectra were obtained using a V.G. ESCA 2 spectrometer (V.G., 
(Scientific) Ltd., Gt. Britain) which had been fitted with a zirconium X-ray 
source and a supported organic polymer window. The X-ray anode was made 
from a standard ESCA 2 copper base onto which a 1-mm thick zirconium 
disc was bonded using a metal-loaded, high-temperature epoxide adhesive. 
The source in the ESCA 2 requires a rather high power: this one was run at 
400 W  which placed a strain on the organic adhesive. Even so, several months 
of useful life were obtained from it. Zirconium can be friction-welded to 
copper very satisfactorily and this method of bonding has been used in the 
anode now available for use. Various materials were tested for their suit­
ability as X-ray source windows; the main criteria being a low mass 
absorption coefficient for the Zr La X-rays and the need to form a thin film 
of high integrity. Both aluminium foil and blown silica glass (which has been 
successfully adopted as a window for Si Ka X-radiation) had to be elimin­
ated because of mass absorption whilst the minimum foil thickness of 
zirconium commercially available (4/xm, Goodfellow Metals Ltd.) proved to 
be too thick. Of the organic materials tried, melamine film was thermally 
unstable and gave high sample contamination rates whilst polyamide could 
not be reduced to a sufficient thinness without puncturing. Finally a gold- 
mesh-supported polycarbonate film (JEOL Ltd., Japan) proved to be quite 
satisfactory after an initial running-in period. The spectrometer ran at its 
normal operating pressure of 1 0 - 9 torr and there was no deterioration in the 
signal received from a sample even after 1 h of irradiation.
M A T E R IA L S
Samples were chosen to facilitate the following programme:
(a) measurement of the Si(ls) binding energy and Si KLL kinetic energy in 
Si and Si02;
(b) comparison of the A1 and Si Auger parameters in their separate oxides 
with those in their compounds; and
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(c) a feasibility study of the use of the Auger parameter for character­
isation of uncleaned samples of clays of industrial importance.
A wafer of pure silicon was used for the measurements on silicon. This 
was either ion-etched back to the pure element or oxidized in situ as necess­
ary for the measurement. Clean reference samples of muscovite mica 
(Ruggles Mine, New Hampshire, U.S.A.) were obtained by in situ cleavage6. 
A second reference compound was obtained by crushing samples of mol­
ecular sieve (Union Carbide 10A) and pressing the powder between indium 
sheets7 for mounting in the spectrometer. The three clays (Kaolin 1—3, 
English Clays, Lovering, Pochin and Co.) from the St. Austell area of 
Cornwall were chosen arbitrarily and were of different mineralogies and 
water contents.
RESULTS
The Si(ls) and KLL spectra of silicon carrying a surface oxide are given in 
Fig. 1. The shift of 9.3 eV between element and oxide in the KLL spectrum 
(Fig. la) is the largest ever observed in this laboratory and illustrates the 
importance of exciting the Auger spectra when studying silicate materials.
.4+
200 200
100 - 100 ■ c.p.s.
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Figure 1. Comparison o f the K L L  Auger and Is  silicon peaks from silicon and silicon 
dioxide.
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The corresponding shift in the Si(ls) peak (Fig. lb) is about one half of this 
value and reveals a potential shortcoming in the broad width of the Zr La 
X-ray line. Nevertheless in many of the samples there was only one Si(ls) 
peak and measurement of its position posed no difficulty.
The position of the principal peaks in the spectra of the compounds are 
given in Table 1. As expected these peaks vary by up to 4eV and in part 
this is due to the tendency of electrostatic charging in silicate materials. 
It is this variation which should be eliminated by consideration of the Auger 
parameter, a, where
®  Is KLL ■^ ’photon
Values of a for A1 and Si are listed in Table 1 for each of the compounds 
studied.
Muscovite mica
There was a strong tendency for cleaved mica to give well defined double 
peaks. The peak height ratios varied from sample to sample but the peak 
shift was constant at about 7.5 eV. It appeared that this shift arose because 
of differential charging between thin flakes of mica and the bulk of the 
sample. Combining the left-hand and right-hand peaks of each pair gave a 
single Auger parameter, suggesting that only one type of site was present. 
This was eventually confirmed by the cleavage of the mica to produce clear 
single peaks. The data from this spectrum are those tabulated. To investigate 
the effect of hydration, the cleaved mica was removed from the spec­
trometer under argon and immersed in distilled water for a few minutes. 
This gave a spectrum which was virtually unchanged from that formed by 
cleavage. A further sample was soaked overnight and compared with the 
cleaved mica, a reduction in both the silicon and aluminium Auger par­
ameters of 0.8 eV and 0.4 eV, respectively, was observed. The position of the 
Si(ls) peak could not be determined to better than ± 0.3 because the relative 
intensities of the silicon peaks to the aluminium peaks were significantly 
reduced on hydration. The extracts from the complete spectrum of vacuum 
cleaved mica (Fig. 2) show the photoelectron peaks to have well defined 
Zr Lj3 satellites at 78.4 eV lower binding energy.
Clays
A comparison of the clay spectra with those produced in conventional 
A1 Ka showed that the A1 and Si 2p and 2s peaks were in a similar ratio of 
intensities to each other and were only — 0.02 of the O(ls) peak intensity 
in both radiations. By contrast the Zr La spectrum, Fig. 3, is dominated by 
the Si and A1 KLL series, having intensities of 2 and 1-. 5 times the oxygen Is 
value, respectively. Since there is only — 10 atm % of each element in the 
clay surface, this again illustrates the ease with which A1 and Si can be 
determined by use of Zr radiation. The peak positions for the three kaolins
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Figure 2. Details from regions o f a wide scan spectrum from muscovite mica.
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Figure 3. Regions from the wide scan spectrum o f kaolin.
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Figure 4. Regions from the wide scan spectrum of molecular sieve.
showed a little scatter but had the greatest shifts in the Si Auger parameter 
of all the compounds studied.
Molecular sieve
The spectrum of the molecular sieve material, Fig. 4, shows the relative 
positions of the Na, Mg, A1 and Si lines in the Zr-derived spectrum. The shift 
in the aluminium Auger parameter (905eV) is greater than that of the clays 
whilst the shift in the silicon parameter is less than that for the clays.
DISCUSSION
There have been several studies of silicate minerals by use of XPS3,4> 7 -1 1  
of which Clarke and Rizkalla*1, Urch and Murphy3, Adams et al. 4 and 
Anderson and Swartz7 used the positions of the Al and Si peaks to comment 
on structural relationships. Clarke and Rizkalla11, working with a series of 
silicates, were able to correlate the positions of the Si(2s) peak and the non- 
aqueous components of the O(ls) structure with the partial ionic character 
of the silicate bond. The other authors have not found any such corre­
lations in the peak positions of the aluminosilicates. Adams et al. 4
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examined a large number of minerals but could find no significant difference 
in Si or Al binding energies, whilst Anderson and Swartz7, who even used 
an in situ fracture device, concluded that the core levels of the aluminium 
gave no indication of its coordination. Urch and Murphy3, whilst unable to 
correlate the absolute position of Al(2p) with the Al—O bond length, did 
show a definite correlation of Al(2p) with Si(2p).
The particular problem of studying aluminosilicates seems to be that, 
whilst a reference peak is necessary because of charging problems, the 
oxygen component can neither be related uniquely to aluminium nor to 
silicon, as it was in the paper of Clarke and Rizkalla11. Since, as is shown in 
this work, the Al— O and Si- O bonds are polarized by different amounts 
relative to each other in different compounds, the Al—Si peak difference is 
only likely to be a second-order effect. These problems are all attributable 
to the very limited spectrum which can be excited by Al Ka. The consider­
able advantages of a spectrum including the photo-excited Auger peaks have 
been given by Wagner2 and by Castle and Epler12. The second ionisation in 
the Auger process gives an ion which is sensitive to the polarizability of the 
surrounding bonds and it is this factor which is perhaps most likely to 
differentiate silicate materials. The values of the Auger parameter, which 
may be taken as indicative of this extra atomic relaxation, are plotted for 
all compounds studied in Fig. 5.
The decrease in both aluminium and silicon Auger parameters in going 
from the elements, via the simple oxides, to the complex aluminosilicates 
indicates a greater degree of atomic relaxation in this direction and this is 
due to the increasing neutralisation of charge around both cations. In all 
silicates there is a strong tendency for the silicon Si4 + ion to neutralise its 
external field in the smallest possible volume. To achieve this, all the 
surrounding oxygen anions are polarized and the stability of any silicate, 
compared with the alternative oxides, depends on the degree of field 
neutralisation in the silicate structure.
Despite the similar layer structures of muscovite mica and kaolin, the 
wide separation in the silicon Auger parameter indicates that there is a 
greater relaxation of the atomic levels in the kaolin silicon. This may be due 
to two factors: the shorter interatomic distances in kaolin causing greater 
polarization around the silicon cations, or the greater degree of hydration of 
the lattice which would increase the ionic character of the bonds surround­
ing the silicon ion.
On hydrating a sample of mica the reduction in both the silicon and 
aluminium Auger parameters signifies that both elements observe a greater 
degree of ionic bonding owing to the presence of water within the layers. 
This proves that the water content of an aluminosilicate is an important 
factor in its bonding.
The wide separation in the aluminium Auger parameter between the pure 
oxides and the molecular sieve is also indicative of the hydroxylation of the
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Figure 5. Plot o f the silicon versus aluminium Auger parameters for compounds o f silicon 
and aluminium.
aluminium in the latter which causes greater atomic relaxation of the 
aluminium ions. Formation of hydroxy-oxides can lead to greater shifts 
than those for the oxides, e.g. Fe2 0 3 and FeOOH (ref. 13), and the low 
aluminium Auger parameter in molecular sieve is consistent with this trend.
The kaolins, although also containing large quantities of molecular water, 
have a rather smaller shift in the Auger parameter of aluminium than that of 
the molecular sieve. Since the silicon parameter showed a larger shift, the 
molecular water is presumably more closely related to the silicate groups in 
the kaolins. Thus it seems that the degree of atomic relaxation is largely 
determined by the local distribution of water molecules with respect to the 
silicate groups and to the other cations.
In conclusion we find that the use of Auger parameters obtained by Zr La 
photoelectron spectroscopy enables us to provide some differentiation in the 
aluminosilicate compounds. The study is continuing and the results for a 
wide range of minerals will be reported at a later date.
ACKNO W LEDGEM ENTS
We gratefully acknowledge the SRC for their financial support and 
Dr. W.B. Jepson of English Clays Lovering Pochin for supply of the well 
characterised kaolins and his helpful discussion.
1413 -
>
■S 1411'
i
a.
8 1409-
a
1 4 0 7 + -
903
106
REFERENCES
1 J.E. Castle, L.B. Hazell and R. Whitehead, J. Electron Spectrosc. Relat. Phenom., 
9 (1 9 7 6 ) 247. -
2 C.D. Wagner, Discuss. Faraday Soc., 60 (1975 ) 291.
3 D.S. Urch and S. Murphy, J. Electron Spectrosc. Relat. Phenom., 5 (1974 ) 167.
4 I. Adams, J.M. Thomas and G.M. Bancroft, Earth Planet. Sci. Lett., 16 (1972) 429.
5 K. Siegbahn et al., ESCA — Atomic, Molecular, and Solid State Structure by means 
o f Electron Spectroscopy, Almquist and Wiksells, Uppsala, 1967.
6 C. Webb and P. Williams, private communication.
7 P.R. Anderson and W.E. Swartz,Jr., Inorg. Chem., 13 (1974) 2293.
8 J.W. Stucki, C.B. Roth and W.E. Baitinger, Clays Clay Miner., 24 (1976 ) 289.
9 W.T. Huntress and L. Wilson, Earth Planet. Sci. L e t t ,  15 (1972 ) 59.
10 Lo. I. Y in , S. Ghose and I. Adler, Science, 173 (1971) 633.
11 T .A . Clarke and E.N. Rizkalla, Chem. Phys. Lett., 37 (1976 ) 523.
12 J.E. Castle and D. Epler, Proc. R. Soc. London, Ser. A , 339 (1974) 49.
13 N.S. M cIntyre and D.G. Zetaruk, Anal. Chem., 49 (1977 ) 1521.
The Correlation of the Auger Parameter with 
Refractive Index: An XPS Study of Silicates 
Using Zr La Radiation
R. H . West* and J. E. Castle
Department of Metallurgy and Materials Technology, University of Surrey, Guildford, GU2 5XH, Surrey, UK
The value of using Zr La x-rays as a source for the XPS study of Al-Si compounds is proved by their ability 
to generate strong Al and Si Is and KLL Auger peaks and with sufficient resolution for peak energies to be 
determined accurately. A study of the resultant Al and Si Auger parameters has been made for some 30 
silicates and comparison with refractive index data allows the Auger parameters to be scaled directly with the 
polarization energy of the surrounding O ions. The O polarizability dominates the bulk polarizability in silicates 
and its magnitude is controlled by its site co-ordination number and the electronegativity of charge-balancing 
cations in the structure. Oxygen ions surrounding Si and tetrahedral Al sites have highly variable, but strongly 
interdependent, polarizabilities; however, the O polarizability is almost invariant around octahedral Al sites. 
The correlation of relaxation energy in a silicate lattice with polarizability is finally compared with the London 
force interaction between molecules.
INTRO DUCTIO N
The use of Si compounds to modify surface or interface 
chemistry is important for the efficient use of materials 
in many technologies. Surface analytical techniques 
such as x-ray photoelectron (XPS), Auger electron 
(AES) and secondary ion (SIMS) spectroscopies 
together with the analytical transmission electron 
microscope have been used to investigate the chemical 
environment of Si in such locations. Examples may be 
drawn from the fields of catalysis, 1 adhesive bonding,2,3 
the colloidal properties of clays4 and of cement, 5 the 
development of biosupport membranes for enzyme syn­
thesis6 and of fibre reinforcing for polymeric materials.7 
Such work is central to the development of microcircuit- 
ing on the Si chip and examples in this field may be 
found at will (see, for example, work on the silicon 
oxy-nitride barrier film by Wittberg et a/.8).
Of the available techniques XPS would be expected 
to yield the best information on chemical bonding. The 
trend in technological work is, however, to be content 
with compositional rather than structural information. 
Moreover when XPS has been used in a more funda­
mental role, e.g. in the investigation of silicates, the 
level of information obtained has been disappointing.
Authors have often differed in their results from 
minerals and also in their interpretation of these results. 
An early correlation of the Si— O bond length with the 
O Is position for olivines and pyroxenes9 was later 
discounted10 along with the observation that the Fe2+ 
and Fe3+ oxidation states were distinguishable in silicate 
minerals. 11 The position of the A12p core level peak 
from aluminosilicate spectra was associated with the 
Al— O bond length by one laboratory12 but this was 
refuted by others13 who stated that XPS could not 
differentiate between Al in different co-ordination 
states.
More recently, improvement in instrumentation and 
sample handling techniques have allowed measure­
ments to be made with greater confidence. For example, 
a correlation has been made of the Si 2s position with 
the calculated charge on the Si atoms, 14 and the Fe 2p 
position in the XPS of micas has been linked with the 
oxidation state of the Fe in the micas. 15
With such a background it is of little surprise that 
some workers who have used XPS for the study of Si 
in a surface context have now turned to SIMS and are 
attempting to interpret interface bonding by measure­
ment of ion cluster formation.
This failure of XPS may have its origin, in part, in 
the low intensity and small chemical shifts of the Si 2p 
and Si 2s peaks in the Si photoelectron spectrum, in the 
overlap of the chemical shift of O in the Si— O bond 
with that in the H — O bond2 and in the tendency for 
electrostatic charging to confuse peak position deter­
mination. Attempts to overcome this latter problem by 
determination of a binding energy of Si relative to that 
of the O (Clarke et al.14) are not likely to yield a 
parameter that is sensitive to structure. Kuroda et al.16 
have shown convincingly that the net binding energy 
shift of Na and halide ions measured in this way is quite 
insensitive to environments as different as solid crystals 
and quick frozen aqueous solutions! Thus it may be that 
the poor correlation of peak position with structure is 
more fundamental than experimental in origin. This is 
especially so since in considering the influence of a given 
cation, in say a feldspar series, on the binding energy 
of the central Si atom, we are searching for an inductive 
effect across an O ion. In organic molecules such induc­
tive effects have already been shown to give only small 
shifts in binding energy. 17
A new method of obtaining bondings and structural 
information in single crystal silicate minerals has been 
introduced by Evans and his co-workers. 18,19 In this 
method (x-ray photoelectron diffraction, XPD) angular 
resolution of the spectrum is utilized to investigate the 
diffraction of electrons derived from subsurface Si and
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neighbouring ions. Successful though this has been, it 
seems unlikely that it could be extended to the thin 
layers which may be amorphous or at best microcrystal­
line in structure.
In recent notes20’21 we have drawn attention to the 
use of photon energies high enough to excite in a single 
spectrum the Si Is line. The effect of charging can then 
be eliminated by measurement of the position of the Is 
line relative to the position of the principal Auger line. 
This value, usually referred to as the Auger parameter 
A 22 may be expressed as
A = .Eb(Is) +Ekll— hv (1)
where I?b (1 s ) is the binding energy of the Is level, J E k l l  
is the kinetic energy resulting from the Auger transition 
and hv is the photon energy. Work in this laboratory23 
and elsewhere24,25 has established that the Auger para­
meter is frequently sensitive to chemical state when the 
photoelectron energy is not. This fact follows from the 
relationship between Auger energies and the extra 
atomic relaxation energy. Following Kuroda16 this can 
be expressed as
-Ekll = E b(1s)—E'b(2p ) —-Eb(2p) +  2£'r—E\+Eear
(2)
where E R is the intra atomic relaxation, E\ is the interac­
tion energy of the two hole final state and Eear is the 
extra atomic relaxation energy contributing to the 
screening of the final two hole state. Since E K and E\ 
are independent of chemical state, and the chemical 
shifts on the Is and 2p peaks are approximately equal, 
it is easily shown that
A A = AEear (3)
Kuroda16 used the Auger parameter to measure the 
extra atomic relaxation energy for a series of sodium 
halides and showed that it was equal to the energy of 
polarization of the nearest neighbour ions. This finding 
is closely parallel to the work of Fadley26 and of Citrin 
and Thomas27 who have calculated the polarization 
energy of the ions in sodium halides to be the major 
contribution to the extra atomic relaxation associated 
with the screening of the one hole photoexcited state. 
The important point is that whereas the one hole relaxa­
tion cannot be measured directly, that due to the Auger 
ionization can.
The polarization energy of the single hole state was 
derived by Fadley from a relationship, due to Mott and 
Guerney, 8 which includes the dielectric constant. Fier- 
mans29 showed that the extra atomic relaxation energy 
of a series of Zn compounds did indeed vary with 
dielectric constant and Gallon30 has fitted the same data 
to the refractive index. This latter correlation is of 
particular interest since the refractive indices are readily 
available for a large number of silicate minerals. These 
could be used to provide a primary test of the relation­
ship between the Auger parameter and the structural 
chemistry of these compounds. If an understanding of 
charge redistribution in three dimensional silicate 
structures could be gained it would provide a means 
of interpreting Auger parameters derived from two 
dimensional Si networks.
We have, in the work reported here, measured the 
Auger parameters for some 30 compounds of Si chosen 
to represent the fundamental types of layer, chain, ring 
and island structures. The results point to a new method 
of obtaining structural information which can be applied 
directly to their films.
EXPERIM ENTAL
As in the previous study20 a V.G. ESCA 2 spectrometer 
and 3040 Datasystem (V.G. (Scientific) Ltd, UK) were 
used, however, a much improved Zr x-ray source was 
employed in this work, allowing peak positions to be 
determined to within ±0.1 eV. The new x-ray source 
anode was made by friction welding a 1 cm diameter 
Zr rod to an identical Cu rod (Blacks Equipment Ltd, 
Doncaster, UK). After trimming, the Cu end was wel­
ded to a standard V.G. ESCA 2 anode base, and finally 
a conical crater was drilled into the Zr face to prevent 
undue evaporation when in use. The organic polymer 
window originally used20 was replaced by a 1 2 p,m thick 
Be window (Link Systems Ltd, Reading, UK) which 
improved the x-ray flux and reduced the amount of 
contamination that landed on the sample surface from 
the x-ray source. A coloured interference film of Zr did 
coat the window when the x-ray source was initially 
used, but this film was removed by Ar ion sputtering 
and no further evaporation problems were encountered 
from the x-ray source anode. This new configuration 
could be run continuously at 600 W  (12 kV, 50 mA) 
compared to a previous maximum of 250 W  and with 
the spectrometer still operating at a pressure of less 
than 5x 10~9 mbar. The increased x-ray flux in turn 
allowed a lower fixed analyser pass energy of 50 eV to 
be used with an associated improvement in spectral 
resolution.
Instrument calibration was performed by using both 
Au and Ag samples. The Au sample was prepared by 
evaporation of the metal onto a standard ESCA 2 
sample holder. A wide ‘survey’ spectrum was recorded 
to confirm the absence of impurity elements and the 
Au 4f7/ 2 was scanned at different analyser pass energies 
and the value of the spectrometer work function at each 
of these energies was adjusted in the spectrometer con­
trol unit so that the peak appeared with a binding energy 
of 83.80 eV.31 The spectrometer work function was 
never more than 0.3 eV from its value with the standard 
Al anode. The solid Ag standard sample was sputter 
cleaned by Ar ions until no impurity peaks were visible 
in the widescan spectrum (Fig. 1). Comparison of the 
full width at half maximum height (FWHM) values of 
both the Au 4f7/ 2 peak and Ag 3d5/ 2 peak using Zr La 
x-rays with the Au 4f7/ 2 peak using lower energy x-rays 
shows, in Fig. 2, that at middle and high analyser pass 
energies resolution is determined not by the x-ray life­
time half-width but by the instrumental function. The 
minimum FWHM measured on the Ag3d5/ 2 peak in 
Zr La x-rays was 1.65 eV at 20 eV analyser pass energy 
and this compared favourably with the previously deter­
mined value of 1.7 eV measured in gas phase studies. 32 
The presence of the ZrL/3 (hv = 2124.0 eV) induced 
core level peaks caused no problem in the study of 
aluminosilicate minerals. It was fortunate that no over­
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Figure 1. Zr (La)(Lj8) XPS survey scan of Ag with the x-ray 
source run at 12 kV, 50 mA (V.G. ESCA 2). The L/3 peak (2124.0 eV) 
is about 30% of the La (2042.4 eV) intensity.
lap of main and satellite induced peaks occurred for 
these samples because the L/3 satellite has an intensity 
of nearly 30% of the main La peak.
The suitability of the Zr La x-ray line (hv = 
2042.4 eV) for the study of aluminosilicate materials is 
illustrated in Fig. 3 where it is compared with other 
characteristic x-ray lines used in XPS. No x-ray with a 
photon energy less than 1850 eV could generate Si Is 
photoelectrons; however, the x-ray used in these studies 
must also have a narrow natural linewidth so that accur­
ate core level binding energy measurements could be 
made. By arbitrarily setting the maximum allowable 
x-ray line width to be 2.0 eV in Fig. 3 it can be seen 
that only Zr La x-rays satisfy these two conditions. As 
an example the analysis of the Si Is core level peaks 
generated from a Si wafer covered by a thin oxide layer 
(Fig. 4) showed that both peaks are well resolved (cf. 
Fig. 1, Ref. 20). Comparison of the Si KLL and Si Is
3 0 -
__ Au (4f, )  
T g  (3d 5)
3  2 0 -
Ka,,2 X-rays on gold ( 4f , )
100 120
ANALYSER PASS ENERGY leV)
Figure 2. The full width at half maximum height for Au and Ag 
XPS peaks excited by different x-rays as a function of analyser 
pass energy (V.G. ESCA 2).
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Figure 3. Comparison of the natural linewidths of x-rays com­
monly used in XPS with their photon energies. An arbitrary line 
width upper limit of 2-0 eV is set for accurate core level energy 
determination.
peaks during depth profiling of the oxide on the Si wafer 
(Fig. 5) illustrates the kinetic energy dependence of the 
inelastic mean free path (IMFP) of the ejected electrons.
Each mineral sample (Rocks and Minerals Ltd, Chel­
tenham, UK) was carefully selected for purity and 
usually powdered and pressed into In foil.33 Layer sili­
cates including the micas were prepared by bonding to 
the sample holder with cyanoacrylate adhesive and then 
were cleaved in vacuo immediately before analysis. 
Similarly soft minerals were repeatedly scraped in vacuo 
immediately before analysis. For each mineral a wide 
survey scan such as Fig. 6 was recorded and relative 
peak intensities measured to check for mineral purity. 
Narrow scan spectra were then recorded at either 20 eV 
or 50 eV analyser pass energy, of the Si Is, Si KL23L23 
Auger, Al Is, Al KL23L23 Auger, O Is peaks and the 
strongest peaks of any other element present in the 
mineral. From these spectra the peak heights, areas, 
FWHM and positions were measured. A mineral would 
normally be measured at random more than once and 
no spectral drift was observed on these reruns. The
>N
coca>
ch-H
I860I8 5 0 I8 5 5I8 4 01835 I8 4 5
Binding energy (eV)
Figure 4. Si 1s core level peaks from a thin (-4 -5  A) layer of 
Si02 on Si.
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Figure 5. Zr La XPS depth profile at the interface of S i02 on Si.
results from the peak position measurements which are 
listed in Table 1 were measured to within an accuracy 
of ±0.1 eV on the spectrometer’s kinetic energy scale.
DISCUSSION__________________________
The general correlation between the Auger parameter 
of the Si ion and the refractive index of the mineral is 
good; as is demonstrated in Fig. 7. Since the one is a 
measure of extra atomic relaxation and the other a 
measure of lattice polarizability, this finding is as expec­
ted from the theoretical work of Fadley26 and the 
experimental findings of, for example, Kuroda.16 
Nevertheless the parallel with the work of previous 
authors, who used a single cation with a set of different 
anions, is only exact if it is presumed that the polarizabil­
ity of the O ion varies from mineral to mineral. We 
shall show that this is the situation in silicates.
Both the physical and the electronic structures of a 
silicate mineral are dominated by the O ion. The tetra­
hedral sites which are filled by Si ions (radius 0.041 nm) 
as Al ions (radius 0.05 nm) are formed by O ions of
w
0  2 0 0  4 0 0  6 0 0  8 0 0  1000 1200 1400  1600  1800
Binding energ y (e V )
Figure 6. Zr La XPS of biotite mica: K(Mg, Fe)3 AISi3Oi0 (OH)2.
radius 0.14 nm. Additionally, the other cations, which 
are included in the lattice to maintain electroneutrality 
in the presence of tetrahedrally co-ordinated Al ions, 
are all much smaller than O. Thus the element which 
has the greatest abundance and the largest polarizability 
accounts for the major part of the polarizability of the 
lattice structure: in microcline, O gives 94% of the unit
1411.5-
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Figure 7. Correlation of the Si Auger parameter with lattice site 
polarizability for silicates (data points from Table 1). The inset 
shows the whole Auger parameter range for Si.
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Table 1. Correlation of Auger parameter, refractive index and ion polarizability for various silicates
Refractive
Index ^Si ^Al AASi A^ai a*ITET AIOCT a o
Number Mineral Formula Type8 n (eV) (eV) (eV) (A3) (eV) (A3) (A3)
1 Muscovite mica KAI2[(OH)2AISi3O10] L 1.60 1410.1 906.4 2.1 1.49 6.1 1.84 1.43
3 Andalusite AI2[0S i04] I 1.63 1410.2 906.1 2.2 1.56 5.8 1.37
4 Aluminosilicate AI20 3.S i02.xH20 1409.8 904.9 1.8 1.28 4.6 1.39
5 Staurolite (FeMg)2Alg06[Si04]4(0)2 I 1.75 1411.2 906.7 3.2 2.27 6.4 1.51
6 Epidote Ca2Fe(AI02)(0H)[Si07] Co 1410.3 906.2 2.3 1.63 5.9 1.78 1.39
7 Uvarovite CaCr2[Si04]2 I 1409.8 1.8 1.28
8 Kyanite AI2[0S i04] I 1.72 1410.2 906.45 2.2 1.56 6.15 1.45
9 Cordierite Mg2[AI4Si50 18] R 1.54 1410.3 906.3 2.3 1.63 6.0 1.81 1.41
10 Hemimorphite Zn4[(0H)2Si20 7]H20 Co 1.62 1410.3 2.3 1.63
11 Beryl AI2Be3[Si60 18] R 1.58 1409.7 906.8 1.7 1.21 6.5 1.53
12 Olivine Mg2[Si04] I 1.63 1409.8 1.8 1.28
13 Enstatite Mg2[Si06] Ch 1.65 1410.2 2.2 1.56
14 Silicon nitride Si3N4 F 2.045 1411.75 3.75 2.66
15 Almandine Fe3AI2[Si04]3 1.83 1410.6 906.5 2.6 1.85 6.2 1.46
16 A sbesdos Mg6[(OH)8Si4O10] L 1410.1 2.1 1.49
17 Zircon Zr[Si04] 1410.25 2.25 1.60
18 Talc Mg[(0H)2Si40 10] L 1411.2 3.2 2.27
19 Serpentine Mg6(0H)8[Si40 10] L 1410.7 2.7 1.92
20 Pyrophillite AI2[(OH)2Si4O10] L 1.59 1410.7 906.5 2.7 1.92 6.2 1.459
21 Natrolite Na2[AI2Si6O10]2H2O F 1.47 1410.0 905.4 2.0 1.42 5.1 1.54
22 Albite Na[AISi30 8] F 1.54 1409.9 905.3 1.9 1.35 5.0 1.51
23 Silicon carbide SiC F 1411.3 3.3 2.34
24 Anorthite Ca(AI2Si20 8] F 1.58 1410.0 906.1 2.0 1.42 5.8 1.75
25 Microcline K[AISi30 8] 1.515 1409.6 904.5 1.6 1.06 4.2 1.27
26 Stilbite Ca[AI2Si70-i8]7H20 F 1.49 1409.5 904.5 1.5 0.91 4.2 1.27
27 Plagioclase Ca [AI2Si20 8] Na [Al Si30 8] F 1410.0 905.6 2.0 1.42 5.3 1.60
28 Sodalite Na8[CI2(AISi04)6] F 1.483 1409.95 905.5 1.95 1.38 5.2 1.57
29 Quartz S i02 F 1.54 1410.0 2.0 1.42
30 Corundum Al20 3 906.1 5.8 1.37
a Silicate types: I = island, L = layer, Co = couplet, Ch = chain, R = ring, F = framework.
cell polarizability, in anorthite 96% and in albite 98% . 
It follows that the variation of refractive index along a 
given series of aluminosilicates, e.g. the feldspars, arises 
from a systematic dependence of O polarizability on 
the electronegativity of the charge balancing cations, a 
concept that was first introduced by Plummat . 3 4  A  
similar variation in O polarizability is found in simple 
oxides. Tessman, Kahn and Shockley3 5  give values of 
polarizability for O which range from 8  x  1CT4  nm3  in 
S n 0 2  to 3.2 x lO - 3  in Cu2 0 .  The set of Auger para­
meters reported above thus represent measurements of 
the polarizability of the tetrahedrally co-ordinated O 
ions in each mineral studied.
A s a first step in deriving the individual 
polarizabilities we restate Eqn (3) in the form
A A  — A  — A q  —  jEear =  E p o l  (4)
where A  is the Auger parameter of a given mineral for 
which the extra atomic relaxation energy is given by 
E e a r  and the polarization energy of the Si— O bond is 
given by jEpol- The constant A 0 is the Auger parameter 
for emission from an isolated ion in which the relaxation 
energy is zero. A 0 provides a base point for the calcula­
tion of polarization energies; its value may be estimated 
by two routes:
(1) A  totally unpolarizable ion lattice would have a 
refractive index of one. Extrapolation of the data given 
in Fig. 7 to this point yields the value A 0 = 1407.7 eV.
(2) A n estimate of the Auger energy which takes no 
account of extra atomic relaxation may be made using 
the equivalent core model of Bergstrom and H ill . 3  
Castle and Epler2 3  pointed out that in using this model, 
it is necessary to combine binding energy values for 
appropriate ions .'Hence
Si KLL4+ =  Si K4+ — P L5+ -  Si L5+ (5)
The binding energies of the Si l s 4+ and P 2p5+ levels 
are easily determined experimentally but Si 2p5+ is not. 
Castle and Epler2 3  showed that for several oxides the 
approximation
Z j r m  =  Zjf + (znx - Z°x) (6 )
gave satisfactory agreement with observed Auger ener­
gies. Making the substitutions in the present case we 
obtain
SiicLL = 1846.2 - 1 3 3  - 1 0 9  eV
=  1604.2 eV  (7) .
which is equivalent to an Auger parameter of 1408 eV  
in good agreement with that obtained from the refrac­
tive index method. The values of (A— A 0) for Si are 
listed in Table 1 and, as can be seen, they are all positive 
values pointing to an extra atomic contribution to the 
Auger parameter for each mineral.
In considering the properties of aluminosilicates it is 
necessary to determine separately the polarization of
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O ions co-ordinated to A l. A s for Si, the Auger para­
meter for A l is readily determined from the A l Is and 
the A l KLL lines of each mineral: again its value varies 
systematically from mineral to mineral. A  zero point 
for the series, using the second method adopted for Si, 
is found to be 900.3 eV  and the appropriate values of 
A - A 0 are given in Table 1. In order to derive, from 
these extra atomic contributions to the energy of Auger 
emission, a scale of O polarizability we follow Kuroda1 6  
and assume the direct correlation
30
AA  — £ p o l  — K  z (X o 2~ (8)
where AA  is the extra atomic energy, E ? o l is the 
polarization energy of the surrounding charge, a0 is the 
polarizability of the O ion and K z is a constant appropri­
ate to the given central ion and the co-ordination num­
ber of the O ions. In the aluminosilicates there are three 
O sites which contribute in a major way to the total 
electronic polarizability, viz. tetrahedral co-ordination 
to Si, tetrahedral co-ordination to A l and octahedral 
co-ordination to A l. The; value of K  appropriate to each 
interaction was obtained by determining the O polariza­
bility by way of the Lorentz-Lorenz equation from the 
refractive index of three compounds: a quartz (S i0 2), 
corundum (A12 0 3) and the Ca feldspar, Ca (Al Si2 Og). 
Ions other than O were allocated the Pauling values. 
The values of K  obtained by this method are given in 
Table 2 and by their use the set of O polarizabilities in 
Table 1 was derived from the Auger parameters.
The most general correlation against which we can 
test the O polarizabilities derived from the Auger para­
meter is the mean refractive index of the mineral. The 
Lorentz-Lorenz relationship
n — 1 4 N
2 , l"- T 7ri 7 a Bn + 1  3 V
(9)
where n is the refractive index, N  Avagadros number 
and V  the molar volume, has already been used to 
correlate a B, the bulk polarizability, with the Auger 
parameter for three reference samples, a alumina, a 
quartz and anorthite. In Fig. 8  we show the excellent 
correlation which exists between a B and the bulk 
polarizability calculated from the Auger parameter for 
the rest of the minerals. The slope of the best line 
through the points is 1 . 0 2  (ideal =  1 ) and the correlation 
coefficient is 0.997. By contrast if it is assumed that the 
O polarizability remains fixed at the value for a quartz, 
a line of slope 1.05 with a correlation coefficient of only 
0.987 is obtained. Clearly then, the data supports our 
supposition that there is a direct correlation between 
changes in the Auger parameter and the O polarizabil­
ity. The question that remains is which structural and 
chemical features determine the O polarizability.
Table 2. O polarizability constants (Eqn 8 ) for Si and Al sites
Si
Al tet. 
Al oct.
K  (determined)
1.41
3.31
4.25
K  ratio 
determ ined
1
2.35
3.01
Calculated
1
2.19
2.70
20
E *t/>— j I0
Cordierite®. 
Beryl^
Almandine^ ® Epidote 
.•Natrolite 
•  Muscovite
,•Anorthite 
'•Albite 
► Microcline 
Kyanite %^nda|USfte
/•Olivine 
,•  Silica 
•^Alumina
 l________I________i________L
1 0 20 30
Bulk polarizability from
refractive index (g-theor)^ 3)
Figure 8. The bulk polarizability of natural silicates m easured 
by tw o independent m ethods: the  Si Auger param eter (Eqn 8) 
and the Lorentz-Lorenz equation (Eqn 9).
Mahan3 7  suggested that it varies inversely with bond 
length, whereas Plummat3 4  originally laid emphasis on 
the electronegativity of the charge balancing cation. The 
actual polarizabilities show the influence of both factors. 
Minerals with bond lengths greater than that of quartz 
itself also have larger O polarizabilities, e.g. epidote 
and andalusite, Fig. 9(a). On the other hand there are 
many minerals with bond lengths similar to quartz, e.g. 
the feldspar series: microcline, albite and anorthite, and 
thus their marked variation in polarizabilities cannot be 
explained in Mahan’s terms. These, structurally similar 
minerals, reveal the strong dependence on electronega­
tivity shown in Fig. 9(b). In Fig. 10 we show the depen­
dence of O polarizability on ionization potential of the 
nearest cation. Clearly there is a strong underlying trend 
in good support of Plummat’s speculation. The bonding 
length of O to the central ion might also account for 
the difference between the O polarizability in Si and
3 Andalusite
Epidote
2 4  29 1.5
(b)
9  Cordierite
'2 4  Anorthite 
• / 2 2  Albite
* 2 5  Microcline 
.0 -
0.5
0.610 0.615 0 .6 2
(Bond length) 1 (&
0 .8  1.0 1.2 1.4 1.6
Electronegativity
Figure 9. (a) The O polarizability dependence, in silicates, on the 
S i—O bond length, (b) The O polarizability dependence, in sili­
cates, on the electronegativity of the charge balancing cations.
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Figure 10. The 0  polarizability dependence, in silicates, on the 
ionization potential of the nearest neighbour cation. Data point 
num bers refer to Table 1.
A l tetrahedra. Figure 11 shows their interdependence. 
The slope of this distribution is 1.05 and the greater 
value for O —A l bonding is in accord with its greater 
bond length (O —A l — 0.175 nm, O —Si —0.162 nm). 
Structural influences are also important, however. Beryl 
in particular has a low O polarizability perhaps resulting 
from the rigid ring structure of this mineral. Stilbite, 
CaAl2 Si7 0 i 8 *7 H 2 0  is a natural zeolite with a high con­
centration of water molecules within its framework. We 
showed in a previous paper2 0  that hydration of a surface 
causes a diminution of the Auger parameter and both 
this and the relative standing of stilbite can be ascribed 
to the influence of water dipole on the O polarizability.
Whilst the polarizabilities of O in tetrahedral co­
ordination with A l and Si vary together in a systematic 
way with refractive index and reflect in their relative 
propositions the structure and chemical influences on 
the bond, the O in octahedra co-ordination is indepen­
dent of these factors. W e thus see that whereas the 
tetrahedral network responds more or less uniformly 
to changes in charge density this has only a negligible 
influence on the polarizability of O in the aluminate 
ion. This different behaviour of the octahedrally and 
tetrahedrally co-ordinated A l ions enables some 
attempt to be made at the placing of unknowns. For 
example, the A l Auger parameter of precipitated 
aluminosilicate translates to an O polarizability of 
1.08 A3 if we assume octahedral distribution. This is 
clearly unjustifiable in view of the values obtained from  
other octahedral values and hence a tetrahedral co­
ordination is suggested. This fits the correlation with Si 
data very well (Fig. 11). Similarly the A l sites in 
staurolite could not be assigned to a tetrahedral co­
ordination (Fig. 11).
ro
O
AlO,
2 3\
X
ro
E
5o
1
Staurolite -------------------•
c
1 QOctahedral
v>"D 11 co-ordination
O_Q 2-0 -
1
1
) 20 
I o 
I O15I
Tetrahedral
Coo
co-ordination .
V)
1
I
>»
15
l69
CO
II o
6 y
h4
O
1-5- ! ° 1 /  *1 ! KJ1/  JIA
O
CL
c
CDU>
i
1 22# 
o------------!.4 /
Aluminosilicate/
fw ^ S i0 2
X
O
4 n
precipitate
25/
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1/
1
1
1 1 . ___I - J__________I. ■
Oxygen polarizability-aluminium bonds (nm3 x I03)
Figure 11. The 0  polarizabilities around Si lattice sites com pared 
to polarizabilities around Al sites for aluminosilicate minerals. 
Octahedral Al sites can be distinguished from tetrahedral sites. 
Data point num bers refer to Table 1.
Finally, we turn to the nature of K  which relates 
polarizability to the relaxation energy. This parameter 
thus describes the displacement of the bonding charge 
located between the central ion and the O ion. Of all 
the relationships which we have considered the only 
one which comes close to predicting the ratio between  
the three constants is that for the London force interac­
tion between molecules.
^  _ nift2asi/Aiao = Usi/Ai + 7o) / i n N
E -  b ? m  ~  (10)
where n is the number of interacting species and r the 
interionic distance and I the ionization potential, b is 
a constant with units of (area) 2  which is intended to 
describe the area over which the interacting elements 
are assessed. The formula has had success in predicting 
the cohesive energy density of polymers, the surface 
energy of water and the work of adhesion of metals to 
oxides. Assuming b constant throughout and that « i/ i2  =  
4 for tetrahedral co-ordination and 6  for octahedral 
co-ordination we obtain the calculated ratios in Table 2.
On this basis we conclude that the principal factor 
determining the ratio of extra atomic relaxation 
between A l and Si ions is the polarizability of the central 
ion.
This analysis of Auger parameter for the mineral set 
shows that it is well able to detect changes in co­
ordination, water content and degree of ionic bonding. 
The changes are readily measured for both crystalline 
and amorphous solids and in all cases relate to the state 
of the near surface. It should provide a valuable adjunct 
to the understanding of adsorption both on Si and by 
Si compounds; to absorption of ions by glassy solids 
and to the correlation of the refractive index and com po­
sition in thin films.
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Book Review
G. WENDIN
Breakdown of the One-Electron 
Pictures in Photoelectron Spectra
Springer-Verlag, New York, USA, 1981.130 
pp., 69 Figs: $31.50.
Concomitant with recent advances in the 
technology of photoelectron spectro­
scopy, a growing number of instances, 
pervading atomic, molecular and surface 
physics, have been found where a one- 
electron model and often the quasi­
particle picture fail to adequately 
describe observed core or valence pho­
toelectron spectra. Hence, a reevaluation 
of the kinds of approximations and phy­
sical models is required for these sys­
tems. This monograph deals with the 
breakdown of the one-electron pictures 
insofar as they are applied to core level 
and inner valence level photoelectron 
spectroscopy, with particular emphasis 
placed on describing the physical 
mechanism underlying photoelectron 
spectra.
A fter an introduction to the photoion­
ization process in terms of the H artree- 
Fock one-electron picture, the author 
quickly argues that the H artree-Fock 
approximation provides merely the 
lowest order manifestation of what is 
inherently a many-body problem and 
that relaxation and correlation effects 
are often essential to the dynamic 
description of certain systems. Such 
many-body corrections can formally be 
computed once the hole self-energy is 
known, although in practice it can only 
be computed approximately. Hence, 
after a discussion of the formal proper­
ties of the self-energy, the author pro­
vides a readable summary of the types 
of approximation necessary for photo­
electron spectroscopy analyses. The 
remaining half of the monograph is dedi­
cated to the exposition of results derived 
using the many-body analysis for sample 
systems taken from atomic, molecular 
and surface physics.
This book can be recommended to 
those who seek a timely, practical and
accessible review of the theoretical con­
siderations of photoelectron spectro­
scopy. The author presents his subject 
in a lucid m anner without becoming 
mired in excessive field theoretic details. 
Instead, heavy use is made of the 
descriptive capabilities of Feynman 
diagrams. Although not important 
within a one-electron context, such 
diagrams reveal more clearly the types' 
of higher approximations made in com­
puting, for instance, the self-energy. 
Thus, a certain familiarity with the 
machinery of field theory is important 
for a full understanding of this work (as 
well as the subject). Yet, because the 
theoretical results are exercised using a 
wide variety of physical systems, this 
book provides both the experimentalist 
with a practical link to theoretical results 
and the theorist with an insight and a 
bridge to experimental results.
W. K. FORD AND W. R. SALANECK 
Xerox W ebster Research Center 
W ebster, NY, USA
Forthcoming Meetings
9-11 Ju n e  1982
4th Symposium on Applied Surface 
Analysis, University of Dayton, Dayton, 
Ohio, USA. Topics will include, but are 
not limited to, corrosion and oxidation, 
adhesion and composites, electronic 
devices, energy conversion, thin films, 
therm ionic emission, catalysis and 
m easurem ent techniques. The 
symposium will consist of both invited 
and contributed papers. The proceed­
ings will be published in a special issue of 
Applications o f Surface Science. The 
symposium will be preceded by a two 
day short course ‘Techniques for Surface 
Analysis’ on 7 -8  June 1982.
Participants who intend to present a 
paper should submit an abstract by 9 
A pril 1982, and indicate if they intend to 
submit a full length paper for publication 
in the Proceedings. Abstracts must be 
suitable for reproduction and typed on a 
single page (8§ " x l l"  with 1" border) 
with headings that include title, author’s 
nam e, affiliation and address. The name
of the person presenting the paper 
should be underlined. Manuscripts to be 
included in the Proceedings are due at 
the Symposium.
Further information may be obtained 
from:
D r John T. Grant, University of Dayton, 
Research Institute, Dayton OH 45469, 
USA; or D r T. W. Haas, 
AFW AL/M LBM , W right-Patterson 
AFB, OH 45433, USA.
14-16 J u n e  1982
42nd Physical Electronics Conference,
A tlanta Biltmore Hotel, A tlanta, G eor­
gia, USA. The conference committee 
invites the submission of experimental 
and theoretical papers concerned with 
the physics and chemistry of solid sur­
faces and interfaces. Such papers may 
relate to the electronic, crystallographic 
or electronic structure of surfaces and 
interfaces as obtained by electron
diffraction and by various optical and 
electron spectroscopies. Both the static 
and dynamic properties of surfaces, 
which are clean or incorporate known 
foreign atoms, are of interest. Papers 
which present new methods of surface 
analysis and characterization are also 
acceptable. The emphasis of the confer­
ence, however, is on the description of 
surface and interface properties and 
processes at a fundamental atomic and 
molecular level.
Further information m ay be obtained 
from :
Professor U. Landman, School of 
Physics, Georgia Institute of Tech­
nology, Atlanta, G A  30332, USA.
19-23 Ju l y  1982
Gordon Research Conference on Elec­
tron Spectroscopy, Brewster Academy, 
W olfeboro, New Hampshire, USA. It is 
anticipated that the program will contain
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LETTERS TO THE EDITORS
Comments on Peak Assignments in the Photoelectron 
Spectrum of Alumina
In a recent paper Defoss6 et al. (1) point 
out the potential value of the secondary 
electron loss peaks, in a photoelectron 
spectrum, for the detection of alumina 
phases. We feel the spectrum they present 
may be misleading since the major com­
ponent of the Al2p satellite in their Fig. 1 
is undoubtedly the'- Al (KLL) Auger peak, 
although they do not identify it as such. 
This Auger peak is induced by the Brems- 
strahlung radiation from the X-ray source. 
In Fig. 1 we show in the upper curves a 
spectrum from alumina obtained on our 
V.G. ESCA 3 instrument in Al K a  radiation. 
The peak observed by Defosse et al. is 
marked X. The spectrum shown in the 
lower set of curves is of the same sample 
but obtained in M g/fa radiation and it is 
clear that the peak X  is no longer present. 
The spectra in Fig. 1 have been arranged 
according to a common binding energy 
scale to provide correlation with the same 
scale used by Defosse et al. However, it 
should be noted that the kinetic energies of 
the electrons at the peaks obtained in 
AlKa and MgXa radiations, respectively, 
will differ by the difference in their photon 
energies, i.e., 233 eV. The kinetic energy 
scales provided show that the peak marked 
X, obtained in the Al K a  radiation at a BE  
of r l^OO eV appears in M gXa radiation at 
the same kinetic energy, although here it is 
at an apparently negative binding energy. 
It is this behavior which identifies it as 
the KLL Auger line of aluminum.
An important part of the evidence pre­
sented by Defosse et al. in their interpreta­
tion of this peak as a discrete energy loss 
satellite was its correlation in appearance 
with the similar satellite in the Oi* spec­
trum. Curves for the oxygen Is region are 
given in Fig. 1 and show that these peaks 
are not related to the peak X  since they 
remain unchanged in the two radiations. 
They are similar to the broad low intensity 
peak seen in MgKa radiation. It is this 
residual peak, only seen after removal of 
the KLL Auger peak, which corresponds to 
that seen in the energy loss spectra. 
Defosse et al. pointed out two consequences 
of the presence of the peak X. First, it can 
have a certain value in interpretation of 
the phases present in alumina/silica co­
precipitates. We have not found the in­
tensity of the Auger peak to vary markedly 
with phase structure as does the peak 
described by Defosse et al. However, this 
effect may be a combination of its decreas­
ing intensity relative to that of the Si2p line 
in their series of samples and a small peak 
shift. We have commented in a previous 
paper (2) on the useful chemical shifts of 
the Al (KLL) Auger peak and this could 
be of value in the type of work described 
by Defosse et al. For example, Fig. 2 shows 
the chemical shift of 6.8 eV between the 
Auger peak of Al° and Al3+ seen in the 
spectrum of partly oxidized aluminum 
foil in both Al K a  and M gXa radiations. 
While this effect can be seen in the Brems-
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Fig. 2. Partially  oxidized aluminum showing the 
chemical shift on the  Bremsstrahlung Auger peak.
strahlung induced peak, we would recom­
mend the use of a radiation able to excite 
both the Alis and Al (KLL) peaks, such as 
Si Ka  as described previously (2). We 
cannot agree with Defosse et al. that the 
peak intensity has any value in the identifi­
cation of a particular aluminum compound.
The second consequence discussed by 
Defosse et al. is that the peak X  can give 
an error in this quantitative interpretation 
of the A l/Si ratio as it falls close to the 
Si2jP peak. Since the intensity of peak X  is 
proportional to the intensity of Brems­
strahlung radiation, which is an instru­
mental parameter, it has an unpredictable 
height relative to the Al2p peak. This 
problem would of course be eliminated by 
obtaining the spectrum in either M gXa or 
Si Ka  radiations.
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T he u tility  o f  Brem sstrahlung-induced A uger peaks
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D epartm ent o f  Metallurgy and Materials Technology, University o f  Surrey, Guildford, 
Surrey, GU2 5X H  (Gt. Britain)
(Received 30 July 1978)
We draw atten tion  to  th e use o f  w hat is a p oten tia lly  valuable p h en om en on  
in X PS. This e ffe c t  is th e  excita tion  o f  Auger processes b y  th e Brem sstrahlung  
radiation accom panying the characteristic lines o f  an X-ray source.
There are three im portant reasons w h y  there has been little  com m en t  
ab ou t th is e ffec t  in th e literature. F irstly it is a relatively w eak ph en om en on . 
This is show n for exam ple in the case o f  silicon  in silicon nitride, Fig. 1, 
w here the upper trace is the Si (KLL) Auger peak exc ited  by zirconium  La 
X-rays w ith  a p h o to n  energy o f  2 0 4 2 .4  eV  and th e  low er trace is o f  th e  sam e  
Auger peak but is induced by the Brem sstrahlung radiation from  a c o n ­
ventional alum inium  X-ray source. In th e latter case th e  Si (KLL) peak w as
(Zr(Loc) X-Rays]
1 0 0 0 -,
5 0 0 -
cps
0 J-
5 0 0 - i [Al Source ]
cps
16051613 1609 160116171621
KE(eV)
Figure 1. Scans o f Si {KLL) Auger peak from  Si3N4 . Upper trace: using Zr Lot X-ray source 
{hv — 2042.4 eV) a t 500 W in a V.G. ESCA2 spectrom eter; analyser energy =  50 eV; 
acquisition tim e =  800s; anode potential =  10 kV. Lower trace: using a conventional Al 
X-ray source a t 260 W in a V.G. ESCA3 spectrom eter; analyser energy =  50 eV; acquisition 
tim e =  1600 s; anode potential =  12.5 kV.
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on ly  21% o f  the height o f  th e Si 2p core level peak in the sam e spectrum . 
The secon d  reason that little  m ention  has been m ade o f  th is e ffe c t  is that  
o ften  th e Brem sstrahlung-induced A uger peaks occur in th e  equivalent 
o f  the negative binding energy region o f  the conventional p h otoelectron  
spectrum  and so m ay easily  be overlooked . A  com m ercially  im portant 
ex cep tio n  to  th is is th e occurrence o f  th e A l {KLL) Auger, w hen induced  
b y  th e Brem sstrahlung from  an A l X-ray source. This peak occurs at an 
equivalent binding energy o f  1 0 0  eV  and so  distorts the Si 2p peak in th e  
spectra o f  alum inium —silicon  com pounds, e.g. clays and other m inerals. 
This ph en om en on  cam e to  our a tten tion  through a paper b y  D efoss 6  e t  a l.1 , 
on  w hich w e have published a n o te  elsew here2. F inally , o f  course, since th e  
level o f  Brem sstrahlung depends on  th e  design and operating con d ition s o f  
th e  X-ray source, there w ill n o t be a con stan t quantitative relationship  
b etw een  th e  h eight o f  th e Auger peak and th at o f  th e  p h otoelectron  peaks.
T he u tility  o f  th e Brem sstrahlung-induced Auger peak is dem onstrated in  
Fig. 2  w here th e large chem ical sh ift o f  6 . 8  eV  b etw een  th e  A1(KLL) Auger 
peaks o f  m etallic and oxid ized  alum inium , as reported earlier3 , is easily  
observed. D espite th e inherently lo w  co u n t rates o f  this e ffec t , a useful 
signal can norm ally be acquired because o f  th e  low  background n o ise  level 
occurring in the equivalent o f  a negative binding energy region o f  th e  
spectrum .
Finally w e w ould  like to  p o in t o u t th e  possib ility  o f  coup ling  th e
1 00  -I
(Mg Source]
500
cps
6 0  -
%  INT.
20  -
1397 1393 1389 1385 1381
KE(eV)
f . . . . .  ■ ,
Figure 2. Scan of A l(K L L )  Auger peaks, from a th in  layer o f AI2O3 on  Al m etal, induced 
by the Bremsstrahlung from  a conventional Mg Koc radiation source on a V.G. ESCA3 
spectrom eter. X-ray power =  260 W; analyser energy =  50 eV; acquisition tim e =  200 s; 
anode potential =  12.5 kV.
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Brem sstrahlung-induced Auger peak  w ith  a ph otoelectron  peak o f  th e sam e 
elem en t to  form  an Auger param eter cx*, e.g.
a* =  E k (KLL) +  Es(2p) —  hv
This param eter has the advantage o f  being independent o f  charging and is 
strongly dependent on chem ical state, e.g. afa =  2 1 2 .6  eV  for  alum inium , 
2 0 8 .3 eV  for A12 0 3 , and 2 0 7 .1  eV  for A1F3  w hen hv —  1 2 5 3 .6 eV . Thus 
operators o f  instrum ents w ith  conventional A1 and Mg Ka  sources m ay  
u tilize  th e data relating to  changes in Auger parameters obtained  using higher 
energy Si Ka  (ref. 3 ), Zr La  (ref. 4 ) or A u M a  (ref. 5) lines.
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BREM SSTRAH LUNG -INDUCED A U G ER  PEAKS
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In a recent paper [1 ] published by th e authors, the use o f  th e Auger peaks 
excited  by the Brem sstrahlung radiation from  a conventional alum inium  or 
m agnesium  X-ray source was described.
A special study has been m ade o f  the Brem sstrahlung-induced KLL  Auger 
peak from  silicon. N o t on ly  is silicon an essential e lem ent in m ost m inerals, 
b u t its com pounds are also vital in m any industrial processes from  catalysis 
to  electronics. The surface inform ation available from  conventional silicon  
XPS is lim ited , because on ly  th e 2p and 2s core-level peaks are observed and 
b oth  are relatively w eak and at th e  lo w  binding-energy end o f  th e  spectrum .
A nother problem  associated w ith  insulating sam ples, including all silicates, 
is that sam ple charging causes the ejected p hotoelectrons to  be retarded by  
an undefined am ount. The subsequent peak sh ift due to  charging destroys  
useful chem ical in form ation . As described in the authors’ paper, th e use o f  
th e KLL  Auger peak, induced by Bremsstrahlung radiation, overcom es this 
charging problem . The positions o f  the KLL  Auger and 2p core-level peaks 
for each elem ent can be com bined  (as in Fig. 1) to  form  an Auger param eter 
ot* thus:
a* =  Ek(KLL) + E B(2p) -  hv 
or
a* = E k(KLL)~ E k(2p)
This param eter is independent o f  sam ple charging but strongly dependent 
on m olecular and crystalline structure.
Table 1 sum m arizes peak-position  data for a w ide variety o f  inorganic 
silicon com pounds. The Auger parameters for the silicon  in these com pounds  
vary by nearly 5 e V , decreasing from  the carbide to  th e ox id e  w ith  an
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Fig. 1. High kinetic-energy region of photoelectron spectrum  of silicon irradiated by alu­
minium X-rays.
TABLE 1
PEAK POSITIONS AND AUGER PARAMETERS a | i  FOR A VARIETY OF Si COM­
POUNDS
Sample Formula Si 2p  BE (eV) Si K L L  KE (eV) «Si (eV)
silicon Si 99.6 1616.4 462.4
silicon carbide SiC 103.9 1610.2 460.5
silicon nitride Si3N4 102.0 1611.7 460.1
silicon dioxide S i02 102.6 1609.6 458.6
zinc silicate Zn SiC>3 108.1 1603.7 458.2
silica gel S i0 2 * jcH20 107.0 1604.3 457.7
associated increase in th e  electronegativ ity  o f  th e  neighbouring atom s around  
each atom  o f  silicon. The low est values o f  a f i  w ill be exp ected  for fluoro- 
silicon  com pounds. In a previous study [ 2 ] ,  it was found  that hydration o f  a 
silicate structure reduces its silicon Auger param eter, and this can be seen by  
com paring the value for silica w ith  that for silica gel: th e  latter is nearly 1 eV  
b elow  th e form er.
Table 2 lists peak-position data from  a w ide range o f  silicate m inerals. As 
each silicon  ion  in th e la ttice  is alw ays surrounded b y  four oxygen  ions as 
nearest neighbours, these w ill strongly screen th e  silicon . D esp ite th is, 
measurable d ifferences in th e silicon Auger param eter are found  from  these  
m inerals; even th ose from  th e same group, such as lep id olite  and b iotite . 
Again, hydration o f  a silicate structure causes a reduction in this can be
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seen betw een anorthite and stilb ite. G enerally greater variation is found  
am ong the fram ework than am ong th e  layered silicates, and th is m ay be due 
to  th e m ore open  structure and so less oxygen  screening o f  the silicon in the  
fram ework structures.
The data given here show  the use o f  the Brem sstrahlung-induced Auger 
peak in the case o f  silicon  in silicates. The authors are convinced that this 
e ffec t could  have m any beneficial applications in industry, especially since it  
can be obtained using ex isting  equipm ent.
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Monochromatized Ag La X-Rays as a Source for 
Higher Energy XPSt
K. Yates and R. H. West
V.G. Scientific Ltd, The Birches Industrial Estate, Imberhorne Lane, East Grinstead, Sussex RH19 1UB, UK
Monochromatization of Ag L a  X-rays is achieved by fitting an Ag anode to a conventional A1 K a mono­
chromator. Many new XPS lines are generated by this high energy source including the Is and KLL Auger 
series from A1 to Cl. Chemical state determination by means of the Auger parameter for these elements is 
greatly assisted by the reduced X-ray linewidth after monochromatization. Three glass fibre samples with 
different surface pre-treatments were studied to show that chemical state information could be extracted from 
even these complex, rough and insulating surfaces by using this novel X-ray source.
INTRO DUCTIO N
The search for a suitable higher energy X-ray source 
to complement Mg K a and A1 K a X-rays in XPS has 
been made frequently1 - 8  and by now the list of candi­
dates studied is quite long (Table 1). Higher energy 
X-rays can be valuable in XPS because of their ability 
to excite new peaks from deeper core levels, which in 
turn can induce new Auger series to be generated. 
D espite these benefits all the X-rays investigated so far 
have been found to have much broader linewidths than 
the conventional sources, making them far less suitable 
for XPS.
Silver La X-rays (2984.3 eV) are no exception to 
this, with a linewidth of 2.6 eV 2, however their 
wavelength A, is almost half that of aluminium K a  
X-rays (1486.6 eV) and will satisfy the second order 
Bragg conditions at almost the same angle as the first 
order reflection of A1 K a X-rays (Table 2). A s a result,
Table 1. Higher energy X-rays used for XPS
X-ray
Photon
energy
(eV)
Linewidth
(eV)
Elements showing 
new  core level 
and A uger lines References
Si Ka 1739.4 1.0 Al Br Tm Yb 3 ,6
Zr La 2042.4 1.6
Lu Hf
Al Si Br Rb Sr 7 ,8
Au Ma 2122.9 2.15
Tm-»Hf Ta W Re Os 
Al Si Br-»Y 5
Mo La 2293.2 1.9
Tm-»Os Ir 
Al Si P Br->Zr 2
Ag La 2984.2 2.6
Tm-> Ir Pt 
Al Si P S Cl 2 ,4
Ti Ka
\  . 
4510.9 2.0
Br-»Ru Tm-> Pt Au 
Hg Pb Bi 
AI->CI K Ca 1,4
Cr Ka 5417 2.1
Br-»Te Tm ->Bi 
AI->Ca Ti Br-»Ba 1
CuKa 8055 2.5
Tm Bi
Al -> Ti V Cr Mn 1
Fe Co
f Paper presented at the Pittsburgh Conference and Exposition 
held at Atlantic City, New Jersey, USA, 8-11 March 1982.
©  Wiley Heyden Ltd, 1983
A g L a X-rays should be monochromatized by virtually 
the same monochromator geometry as A1 K a X-rays. 
W e have investigated this theory by simply replacing 
the A1 anode of a conventional XPS monochromator 
by a similar A g anode and, after minor external adjust­
ments of the anode and crystal positions, excellent 
results were obtained.
Silver La XPS offers a wide range of new lines for 
study, especially in the extension of the accessible Is  
core levels from A1 to Cl. Wagner4  has noted that strong 
Auger lines can also be generated from nearly every 
elem ent by this X-ray. For X-rays with energies even  
higher than A g L a  there is a continuing drop in the 
photoemission cross sections of lightly bound shells with 
increasing photon energy, making A g L a perhaps the 
hardest X-ray that is suitable for XPS from all elem ents 
in the periodic table.
Silane treated glass fibre samples were chosen as a 
difficult test of the suitability of this new X-ray source 
for XPS. These samples possessed not only an extremely 
rough, but also a completely insulating surface making 
conventional XPS analysis less useful. In addition the 
elem ent of interest, silicon, would be present in more 
than one chemical state on the surface.
X -R A Y  M O NO CH RO M ATIZATIO N
Conventionally, monochromatization of A1 K a in XPS 
is achieved by Bragg reflection from one of the planes 
of a spherically bent quartz crystal (Fig. 1), with the 
bent crystal also acting to approximately focus the X - 
rays from the anode onto the sample surface as defined
Table 2. Comparison of Bragg angles for A1 and Ag X-rays 
at different orders of diffraction
X-ray Ag La, Al Ka,
Energy (eV) 2984.3 1486.6
W avelength, (A) 4.1544 8.3393
Order, n 2 1
sin 6 (2d = 8.51 A) 0.97636 0.97994
Bragg angle 6° 77.5 78.5
C C C - 0 1 4 2 - 2 4 2 1 / 8 3 / 0 0 0 5 - 0 1 3 3  $ 0 3 . 0 0
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Figure 1. X-ray m onochrom ator geometry.
by the Johann focusing geometry. For reflection from  
the 1010 quartz plane, the associated Bragg angle of 
78°32' for A l K a X-rays is large enough to limit the 
amount of geometrical abberations resulting from the 
Johann approximate focusing conditions. Similarly both 
the reflected X-ray intensity and dispersion are 
approaching optimum values for A l K a X-rays with the 
theoretical linewidth reduced to 0.16 eV . 9
For A g L a  X-rays with a wavelength of 4 .1544 A  
incident on the 1 0 1 0  quartz plane, the second  
order Bragg reflection occurs at 77.5°; only 1 degree 
less than A l K a. The energy dispersion, however, 
depends not only on Bragg angles but also on the order 
of reflection. This follows from the Bragg Law:
n\ =  2d sin 6 (1)
where A is wavelength, 6 is the Bragg angle and d is 
the crystal spacing, and
2d—  = n se e #
u \
(2)
Consequently for a change |A0| of Bragg angle, the 
change in the reflected photon energy |AE| can be 
described by:
]A0| =
nk‘
hc^Ad2 — n2k2
|AE| (3)
The plot of energy dispersion |A0 /A E | against photon 
energy E  (Fig. 2) shows that despite the small reduction 
of only 1° of Bragg angle between A lK a  and A g L a  
X-rays, the energy dispersion has dropped from
3 3 .1 9 4 x 1 0 ”* to 1 5 .1 9 0 x 1 0 ”* radians eV ”1. The 
energy dispersion |Ax/AE| across the sample also 
depends on the diameter R  of the Rowland circle of 
the monochromator, thus:
I Ax
Ia e
I A6 > 
I a e
and
Ax 
AE
~ R  sin 0
A0  
AE
(4)
(5)
<|< 20 •
1400
Ag L a  
Photon energy (eV)
T i Ka
Figure 2. Energy dispersion dependence of the half m etre quartz 
crystal m onochrom ator on photon energy and order of 
reflection.
In the case of a 0.5 m diameter A g L a monochromator 
using the second order reflection from the 1 0 1 0  plane 
of a quartz crystal the dispersion at the sample surface 
is 0 .742 mm eV ” 1 compared to 1.6 mm eV - 1  for A l Ka  
X-rays.
To optimize the performance of a fine focusing m ono­
chromator it is essential to minimize the width of the 
X-ray line in the dispersion plane of the spectrometer. 
For both types of X-ray a 1 mm x  6  mm X-ray line 
source was used which, for A g L a X-rays, produced an 
energy width at the sample of 1.3 eV. This width is 
about half the natural linewidth of the A g L a line and 
as a resolution limit should be sufficient to transform it 
into a practical source for XPS.
EXPERIMENTAL______________________________
The A g monochromator used in this work was modified 
from a conventional \ m A l K a monochromator fitted 
to a V G  ESCALAB MK II. The performance of the 
A l K a monochromator on this instrument, which gener­
ated more than 8  k counts from the A g 3d 5 / 2  peak at 
0.65 eV  full width at half maximum intensity (FWHM) 
resolution, gave us confidence that it could be converted 
for use as an A g La monochromator.
The A l anode was replaced by an A g coated anode 
of identical design. Retuning the monochromator to the 
A g La line was achieved by moving the anode position 
outwards by 17.6 mm and tilting the crystal by 2°. The 
maximum anode power loading applied to this pro­
totype anode was set at 1 kW (67 m A  at 15 kV).
The reference materials used as standards were the 
purest available. The glass fibre samples were prepared
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from soda-free E glass (Pilkingtons Ltd) with an average 
composition:
Oxide at%
Si0 2 : 54.4
CaO: 17.5
AI2 O 3 : 14.4
MgO: 4.5
B 2 O 3 : 8 . 0
K 2 0 : 0.5
Fe2 0 3 : 0.4
The glass fibres were heat cleaned in air at 400 °C for 
24 h and one sample was analysed directly by A g La  
monochromatized XPS. A  second sample was treated 
with a 5% solution of the silane adhesion promoter 
y- aminopropyl-triethoxy-silane (Union Carbide A -  
1100) in methanol (BD H  Chemicals) . 1 4  The clean glass 
fibre was placed in the silane solution for 30 s, rinsed 
in pure methanol and then dried in air. A  third glass 
fibre sample was prepared by sizing before being treated 
with the silane solution. The carbon fibre sample was 
produced by pyrolysis of polyacrylonitrile. The fibres 
were first cleaned by heating in air to 600 °C for 1 h, 
and after cooling the fibres were dipped into the silane 
solution for 30 s. After drying all the fibres were ana­
lysed by monochromatized A g L a XPS.
RESULTS A N D  DISCUSSION
Reference standards
The spectrometer energy scale was initially calibrated 
on the Fermi edge of A g with a kinetic energy of 
2984.2 eV  (± 0 .0 5  eV).
Four reference samples: Mg, A l, Si and NaCl were 
analysed by the new source. The respective survey scans 
(Figs 3 -6 ) display the strongly excited Is core level and 
KLL Auger series for the elements up to Cl. Higher 
resolution studies of the Is core level peaks from these 
samples confirmed (Figs 7 -9 ) that for the lighter ele­
ments the (FWHM) is limited to about 1.3 eV  by the 
X-ray linewidth remaining after monochromatization. 
For the heavier elements, the observed peak widths
n R G N E S J U M  I N  MONO f i g  L a
KE ( eV)
Figure 3. M agnesium survey scan in monochrom atized A gLa 
XPS.
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J 0 0 0  J i a o  J Z00  J 3 0 0  1 4 0 0  1 5 0 0  J 6 0 0  J 7 0 0  J8 0 0  1 9 0 0  2 0 0 0
KE (eV)
Figure 4. Aluminium survey scan in m onochrom atized Ag La 
XPS.
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Figure 5. Silicon survey scan in m onochrom atized Ag La XPS.
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Figure 6. Sodium  chloride survey scan in m onochrom atized 
Ag La XPS.
increase in proportion to the natural lifetim e broadening 
of the core levels. Nevertheless, chemical state informa­
tion can still be retrieved from XPS peaks with FW HM  
of up to 2 eV , making this X-ray source highly suitable 
for chemical state studies of the elem ents from A l 
through to Cl.
A s a result of the improved resolution gained in this 
study, accurate core level and A uger peak energies were 
measured and the results listed in Table 3. B y combining
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Figure 7. High resolution scan of Si 1s from silicon.
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Figure 8. High resolution scan of Cl 1s from sodium  chloride.
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Figure 9. Linewidth dependence of the  1s core level peaks from 
sodium  to  chlorine generated by m onochrom atized Ag La XPS.
Table 3. Reference sample peak positions in Ag L XPS
Sam ple
BE: 1s (eV) 
±0.1 eV
KE:KL23L23(eV) 
±0.1 eV
Auger param eter 
A  (eV)±0.2eV
Mg 1303.8 1185.5 -494.9
Al 1559.8 1392.9 -31 .5
Si 1839.4 1616.3 471.5
Cl (as NaCI) 2836.2 2369.8 2221.8
these quantities for each elem ent X, the Auger para­
meter values A x may be determined from : 4
A x =  £ ? k e (K L L )x + £ ’b e (1s )x — hv (6 )
The value of A x is sensitive to the chemical environment 
of elem ent X  and insensitive to the degree of sample 
charging. This was found to be of extreme importance 
when the series of silane treated glass and carbon fibre 
samples were systematically studied.
Glass and carbon fibre samples
The incorporation of coupling agents to improve the 
adhesion of organic polymer systems, such as paints and 
resins, to all types of surfaces, including fibres, is now  
a universal manufacturing practice. The nature of bond­
ing of these ‘adhesion promoter’ interfaces, for example 
between epoxide matrices and glass fibre surfaces, is 
the key to their success and can only be studied by 
techniques which are sensitive to the top atom layers 
of the surface, and can also distinguish different Si states. 
Such surface sensitive techniques include XPS10, A E S11, 
SIMS1 2  and ISS13. In this study monochromatized 
A g L a  XPS has been used as the source of surface 
information.
High resolution measurement of the Si Is  core level 
and Si KLL Auger peaks from each of the fibre samples 
allowed an accurate determination of the Si Auger 
parameter values associated with the Si chemical states 
present. For silicate structures, such as in glasses, the 
Si Auger parameter is a measure of the polarizability 
of the oxygen atoms surrounding the Si. 8
A Si =  K a 0  (7)
The oxygen polarizability aQ varies between the values 
of 0.9 A 3  and 2.7 A3 in silicates depending on their 
structure and the concentrations of other cations in the 
matrix. Consequently, the Si Auger parameter is an 
excellent indicator of the chemical nature of the surface 
structure associated with Si.
The silane treated carbon fibres were included in this 
study as a well defined control sample. The Si peaks 
would only be present in one chemical state, from the 
silane physisorbed to the carbon fibre surface. In addi­
tion, the surface topography would be very similar to 
that of the glass fibre samples. A s expected the Si peaks 
possessed narrow linewidths (Fig. 10) and the associated 
Auger parameter suggested that the equivalent oxygen 
polarizability was 1 . 2 0  A3 (Table 4).
The spectra from clean glass fibres (Fig. 10) had strong 
Si peaks which were broader than those of silane on 
carbon fibres. Curve synthesis of these Si peaks showed 
that two states were observed in both peaks. The Auger 
parameters of these two states (Table 4) were found to
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Figure 10. Comparison of the Si 1s and Si KLL Auger peaks from 1 
treated glass and carbon fibres, excited by monochrom atized 
Ag La XPS.
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Figure 11. Possible coupling of silane to carbon and glass fibres.
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fibre. Two distinct states are found from the curve 
synthesis of the Si Is and Si KLL peaks (Fig. 11) and 
the Auger parameters (Table 4) suggest considerable 
de-oxygenation of the silane overlayer.
The results from these four cases can be summarized 
as in Fig. 11 in the following way:
(1) The weak bonding of the silane to the carbon fibres.
(2) The hydroxylated (O H - ) glass surface.
(3) The replacement of hydroxyl groups with silane 
molecules.
(4) The strong chemical interaction of the silane with 
the glass fibres.
be very close together suggesting two similar chemical 
states.
The analysis of the spectra from silaned glass fibres 
(Fig. 11) indicated three Si states which again seem ed  
from the Auger parameters to belong to one chemical 
species (Table 4) but this could be strongly associated 
with the unreacted silane. When the glass fibres were 
sized as well as silaned there appears to have been a 
chemical interaction between the silane and the glass
Table 4. Silicon Auger parameters ASi, oxygen polariz- 
abilities a 0
> CO CD* < a0< A3)
Previous work
Si 472.0 —
Si3N4 469.85 —
S i0 2 468.05 1.42
Ca(AI2Si70 18)-7H20 467.6 0.91
465.8 0.00
This work
Silane on carbon fibres 467.7 1.20
Untreated glass fibre E 466.9 0.69
466.7 0.57
Silane treated glass fibre 467.8 1.26
467.5 1.07
Silane on sized glass fibre 469.4 2.27
468.7 1.83
468.6 1.76
ASi = BE (1 s) + KE (KLL) -  h v ,a Q =  k • A4Si.
CONCLUSION
Monochromatized A g L a X-rays can be generated from  
a conventional A l K a monochromator by simply 
replacing the anode with one of A g and retuning to the 
new X-ray line. The A g L a line produced in this way 
is considered to be the m ost suitable higher energy 
X-ray source for general use in XPS for the following 
reasons:
(1) Strong core level peaks are generated by A g L a  
X-rays from all the important elem ents especially 
from the elements A l, Si, P, S, and Cl which are 
not well catered for in conventional XPS.
(2) Auger peaks are also detected from nearly every 
element, and this makes A uger parameter measure­
ment available on a routine basis.
(3) The monochromatized A g L a X-ray source has a 
linewidth narrower than any conventional X-ray  
with an energy above 2000 eV. This makes it highly 
suitable for accurate chemical state analysis.
(4) This source benefits from the usual improvements 
of monochromatization, including improved signal 
to background ratio, reduction in beam induced 
damage and the removal of Bremsstrahlung and 
interfering satellites which in this case include the 
A g L a 3 4  line at 3150.9  eV.
(5) Silver has the highest thermal conductivity of any 
material at room temperature and so can withstand 
much greater power loadings as an X-ray anode 
material than any other element.
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